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“Il semble que la perfection soit atteinte non quand il n'y a plus rien à ajouter, 
mais quand il n'y a plus rien à retrancher.” 
- Antoine de Saint-Exupéry 
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Abstract 
Gas quenching has been known for centuries as a convenient, affordable method to 
heat treat ferrous alloys. Heated parts are taken out of the furnace and quenched at 
ambient pressure, casually using a blower to increase the heat exchange.  
Technical developments in the metal industry, over the last decades, have seen a 
constant improvement of the ratio of heat exchange, e.g. by using pressured 
chambers, specific blowers, and a variety of gases and gas mixtures. The current gas 
quenching technologies are adapted to heat treatable metals found in the automotive 
industry, requesting a minimum heat exchange ratio, also depending on the part 
geometry. 
Little has been however investigated concerning the quenched batch, defined as the 
arrangement of the heated parts onto a single- or multiple-layer charge carrier. The 
present work, through a combination of experimental and numerical techniques, 
provides guidelines to adapt the batch to a specific gas flow pattern (spatial fitting), 
and to adapt the gas flow pattern to the batch structure (temporal fitting). 
Measurement techniques have been developed to assess the flow patterns inside 
industrial quenching chambers. Evaluated flow structures have been converted to 
numerical boundary conditions for extended simulations tools. Simulations have 
helped implementing technical solutions for flow correction in industrial gas 
quenching chambers. Furthermore, simulations have served the design of batches of 
various geometries, to improve both quenching homogeneity and intensity. 
Both experimental and numerical results confirmed the advantages of gas quenching 
for the homogeneous heat treatment of automotive steel grades, and demonstrated 
the potential of various flow correcting devices, such as perforated plates and 
cylindrical flow ducts. Heat treatment gas and spray quenching has also been 
integrated into the forging and the turning process chains of single components, 
successfully optimizing the lean process flow (automation, quality, and time), for 
various high-performance materials and part geometries.  
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Kurzfassung 
Die Gasabschreckung ist seit vielen Jahrzehnten als eine bequeme und 
kostengünstige Methode in der Wärmebehandlung von Metallen bekannt. Erhitzte 
Teile werden bei Umgebungsdruck z.B. mit Luft abgeschreckt, gegebenenfalls mit 
einer Erhöhung des Wärmeaustauschs mittels eines Gebläses.  
Technische Entwicklungen in den letzten Jahrzehnten legen Verbesserungen der 
Effizienz des Wärmeaustausches dar, z.B. durch Druckkammern unter Verwendung 
spezifischer Ventilatoren, oder einer Vielzahl von verwendeten Gasen und 
Gasgemischen. Die heutigen Technologien der Gasabschreckung werden z. B. in der 
Wärmebehandlung von Metallteilen aus der Automobilindustrie verwendet, wobei 
eine minimale Intensität des Wärmeaustauschs, in Abhängigkeit von der 
Teilegeometrie, erforderlich ist. Es wurde jedoch wenig im Bereich von 
abzuschreckenden Chargen, definiert als die Anordnung der erwärmten Teile auf 
einem ein- oder mehrlagigen Chargenträger, untersucht. Durch eine Kombination von 
experimentellen und numerischen Methoden werden in der vorliegenden Dissertation 
Richtlinien abgeleitet, um die Charge an eine bestimmte Gasströmungsverteilung 
(räumliche Anpassung) sowie die Gasströmungsverteilung zur Chargenanordnung 
(zeitliche Anpassung) anzupassen. 
Geeignete Messmethoden wurden hierbei angewendet, um die Strömungsstruktur 
innerhalb von Gasabschreckkammern auswerten zu können. Die so abgeleiteten 
Strömungsstrukturen wurden in erweiterte Simulationstools als numerische 
Randbedingungen implementiert. Simulationen helfen bei der Umsetzung 
technischer Lösungen für die Strömungsanpassung in industriellen 
Gasabschreckkammern. Darüber hinaus unterstützen Simulationen bei der 
Gestaltung von Chargen aus verschiedenen Bauteil-Geometrien, was sowohl zur 
Verbesserung der Abschreck-Homogenität als auch -Intensität führt. 
Die experimentellen und numerischen Ergebnisse in dieser Arbeit bestätigen den 
Vorteil der Gasabschreckung für eine homogene Wärmebehandlung von 
Automobilstahllegierungen und zeigen das Potential der verschiedenen 
Strömungskorrektureinrichtungen, wie Lochblechböden und zylindrischen 
Führungselementen. Methoden des Gas- und Spay-Abschreckens wurden in 
Schmiede- und Bearbeitungsprozesse einzelner Komponenten implementiert, durch 
eine erfolgreiche Lean-Prozessoptimierung (Automatisierung, Qualität und Zeit) für 
verschiedene Hochleistungswerkstoffe und Bauteil-Geometrien.  
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Nomenclature 
 
Latin letters 
a  temperature conductivity     W/(m².K) 
A  area        m² 
Bi  Biot number       - 
    quenching unit empirical constant   - 
    volumetric heat capacity     J/(kg.K) 
D, d  characteristic hydraulic diameter    m 
e  thickness       m 
 ̇  radiative heat flux of a real body    W/m² 
 ̇   radiative heat flux of a black body   W/m² 
Fa  tube arrangement factor     - 
g  gravity       m/s² 
G  nozzle array dimensional factor    - 
h   heat transfer coefficient     W/(m².K) 
H  nozzle-to-plate distance     m 
k  turbulent kinetic energy     m²/s² 
L, l  characteristic length     m 
    nozzle-to-nozzle spacing     m 
m, n  empirical coefficients     - 
 ̇   mass flux       kg/(m2.s) 
Nu  Nusselt number      - 
p  operational gas pressure     bar 
Pr  Prandtl number      - 
 ̇  heat flux       W/m² 
r  radius        m 
R  resistance       Ohm 
Re  Reynolds number      - 
t  time        s 
T  temperature       K 
    flow temperature away from the wall   K 
Tu  turbulence grade      - 
    wall temperature      K 
    flow velocity away from the wall    m/s 
 ̅  arithmetic mean of the velocity    m/s 
u’  variable set of the velocity     m/s 
u+  non-dimensional near-wall velocity   - 
U  voltage       V 
V  volume       m³ 
 ̇   volumetric flow rate      L/min 
x, y, z  distances       m 
y+  non-dimensional wall-distance    - 
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Greek letters 
    thermal boundary layer     m 
ΔT  temperature difference     K 
ε  emissivity of a real surface    -  
    thermal conductivity of the gas    W/(m.K) 
    thermal conductivity of the solid    W/(m.K) 
μ  dynamic viscosity      kg/(m.s) 
   kinematic viscosity      m²/s 
   density       kg/m3  
    standard deviation of the velocity    m/s 
   shear velocity      m/s 
 
Constants 
R  ideal gas constant = 8,3144621 J/(K.mol) 
     Stefan-Boltzmann constant = 5,67e-8 W/(m
2.K4)   
 
Abbreviations 
avg  average 
AFP  precipitation-hardening ferritic/pearlitic (steel) 
AR  aspect ratio 
ARN  array of round nozzles 
ASN  array of slot nozzles 
AT  alternately timed (quenching) 
B  bainite 
C  core 
CAD  computer-aided design 
CCT  continuous cooling transformation (diagram) 
CFD  computational fluid dynamics 
CHE  controllable heat extraction 
CHS  case-hardening steel 
CTA  constant temperature anemometry 
DF  disc front 
DNS  direct numerical simulation 
DR  disc rear 
Exp.  experimental 
F  ferrite 
FD  flow duct 
FEM  finite element method 
FVM  finite volume method 
GAMG geometric algebraic multi-grid 
GQ  gas quenching 
HB  Brinell hardness 
HDB  high-strength ductile bainitic (steel) 
HF  heat flux 
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HK  Knoop hardness 
HPGQ high-pressure gas quenching 
HTC  heat transfer coefficient 
HV  Vickers hardness 
ITD  isothermal transformation diagram 
lam  laminar 
L  layer 
LES  large-eddy simulation 
LM  light microscopy 
M/Ma  martensite 
MS  martensite-start (temperature) 
P  pearlite 
PIMPLE PISO + SIMPLE 
PISO  pressure implicit with splitting of operators 
rps  rotation per second 
RANS  Reynolds-averaged Navier-Stokes 
S  surface 
Sim.  simulation 
SEM  scanning-electron microscopy 
SIMPLE semi-implicit method for pressure-linked equations 
SRN  single round nozzle 
SSN  single slot nozzle 
SST  shear stress transport (turbulence model) 
stl  stereo-lithography 
tkE  turbulent kinetic energy 
turb  turbulent 
TC  thermocouple 
TF  tooth front 
TR  tooth rear 
TTP  time-temperature-properties (diagram) 
TTT  time-temperature-transformation (diagram) 
US  ultra-sound 
v2f  turbulence model 
VarCo  coefficient of variation 
Vm  velocity magnitude 
VI  virtual instrument 
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1 Introduction 
Research and development, in the era of an Industry 4.0, focuses on greater process 
control and flexibility, cost reduction, low environmental impact, improved safety for 
the staff, and efficiency in the production cycle. For techniques in the domain of 
materials technology and heat treatment, process development may particularly take 
place in energy- and cost-saving technologies, such as gas and spray quenching. In 
this context, modeling gas quenching with computational fluid dynamics (CFD), and 
alternately timed (AT) quenching, have been identified as the major directions to 
investigate in the heat treatment engineering of the 21st century [Tot12]. In addition, 
continuous production processes, such as the so called one-piece flow process with 
integrated heat treatment, offer great potential for productions process improvements 
[Heu13a] [Her15]. 
In the past few years, gas quenching has become the green and safe alternative 
technique for several hardening processes. In comparison to conventional liquid 
quenching (using water or oil), gas quenching demonstrated an improved control of 
the quenching process. Parameters such as the cooling rate over the operating time, 
the local surface quality (surface hardness, roughness), and the distortion of the 
component are therefore more stable [Zoc09]. Gas quenching delivers an improved 
process safety (single-phase quenching, no phase transition) and a better 
environmental impact than its liquid counterparts (gas recycling and wide availability 
of nitrogen as a quenching medium). 
The versatility and flexibility of gas and spray quenching for implementation into 
extended manufacturing processes, involving, for instance, machining, forging, or 
forming phases, makes it an attractive heat treatment process to complement a 
production line. The compatibility of gas quenching with electrical devices (gaseous 
environment) and human tasks (safety) are further advantages of the process 
implementation of gas quenching into manufacturing processes. 
The major drawback of gas quenching is its lack of potential quenching intensity, 
characterized by lower heat transfer coefficients in comparison to oil or water 
quenching. Gas quenching only offers a profitable alternative to conventional liquid 
quenching for industrial applications requesting specific materials and component 
shapes (specific alloys, surface hardening for small specimens, and heat treatment 
such as vacuum carburizing).  
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A broader application of gas quenching as a profitable alternative for the industry 
requires an improvement of its quenching potential conditioned by a higher 
quenching intensity and homogeneity, obtained from a better spatial and temporal 
process control. Here, spray quenching (gas with liquid droplets) offers great 
potential to enhance heat transfer rates, and thus quenching process application 
field. 
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2 Motivation and Aims 
Motivation 
To broaden the industrial application of quenchant gases for heat treatment, hence 
improving the environmental impact, safety, and profitability of quenching processes, 
gas and spray quenching intensity has to be controlled and significantly increased, 
without reducing the existing potential of homogenous quenching solutions. The 
major application field for gas and spray quenching is found in the automotive 
industry, e.g., in the lean manufacturing of gear components.  
Hypothesis 
The main hypothesis of this thesis is that, based on detailed scientific investigations 
of gas and spray quenching processes, significant contributions can be done on 
technical development and impact in manufacturing processes for ecological and 
economic benefits. 
Aims 
In the present work, various gas and spray quenching process configurations are 
evaluated over the process dimension and scale using a combination of simulation 
and experimental techniques. 
The research work focuses on determining the technical parameters impacting the 
flow structure and patterns during gas quenching and how to spatially and temporally 
control them to improve both quenching intensity and homogeneity in the relevant 
process scales.  
The suggested technical improvements provide guidelines to implement gas and 
spray quenching into lean production lines to manufacture high-performance 
components and complex geometries, as well as potential cost-reduction in 
comparison to conventional liquid and existing gas-based, heat treatment processes. 
Structure 
The introducing chapter of the thesis (Chapter 3) details the state of the art for gas 
quenching technology (materials sciences, heat treatment techniques, and gas and 
spray quenching), the experimental methods of investigation (flow characterization 
and evaluation, and heat transfer measurement to assess the effectivity of the 
improvements), as well as numerical modeling and simulation (for computational fluid 
dynamics and transient heat transfer).  
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Chapter 4 introduces the applied measurement and simulation techniques used in 
the present investigation (flow and heat transfer), and their validations in the context 
of heat treatment gas quenching processes. 
Chapter 5 exposes the main results of both experimental and numerical 
investigations over the various process scales and dimensions according to the 
following development, pictured in Fig. 2-1: 
- the gas flow in top-to-bottom quenching units (single and multi-layer) is 
investigated with respect to observations at macro scale in gas quenching 
processes, whereas flow conditioning techniques are applied to improve gas 
flow homogeneity and intensity; 
- the structure of the batch (meso scale) is investigated, from conventional, 
multi-layered batch arrangements to lean-oriented, single-layered batch 
arrangements, as well as one- or single-piece flow arrangements. The 
arrangement of various gear specimen batches is optimized to provide ideal 
quenching gas flow conditions; 
- the flow control for single specimen (micro scale) is investigated over spatial 
(heat treatment homogenization around single gears), and temporal (process-
integrated stepped quenching) aspects to reduce the time duration and steps 
conventionally needed in heat treatment processes. 
 
 
Fig. 2-1: Process scales (macro, meso, and micro) in the lean manufacturing of  
a 1-layer batch of helical gears (left part adapted from [Heu1b]) 
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3 State of the art 
3.1 Heat treatment of metal alloys 
Heat treatment is an essential step in metal manufacturing processes, providing 
workpieces with superficial material properties. The International Federation for Heat 
Treating and Surface Engineering (IFHTSE) defines it as “a process in which the 
entire object, or a portion thereof, is intentionally submitted to thermal cycles and, if 
required, to chemical and additional physical actions, in order to achieve desired 
structures and properties” [Sin89]. 
Löser et al. [Lös95] define the following criteria for the profitability of heat treatment 
processes: 
- non-personal/material costs: building, amortization, interests 
- working costs: personnel, energy, gas, maintenance 
- process: integration, storage, transport 
- quality: process capability, distortion 
- ecology: pollution, safety 
Steel and aluminum, the two major branches of metal alloys in the car industry, 
concentrate the financial means and production capacity, thus attracting research 
and innovation focus. 
 
3.1.1 Steel 
As of today, steel is the world most produced metal. The modern era of steel can be 
dated to the 19th century with the industrial application of the Bessemer process, 
dramatically decreasing the cost of steel production, and allowing the mass 
production of steel-made goods and constructions which led to the second industrial 
revolution shaping the industrial world of the 20th century. 
 
3.1.1.1 Physical metallurgy 
A steel thermal cycle is the successive steps undergone by a workpiece of specific 
steel alloy to increase the strength and toughness by locally controlling the 
microstructure. Heat treatment steps usually include heating, temperature-holding 
(austenizing), and quenching phases, with eventually relieving, normalizing, 
annealing, or tempering, as additional steps that might be performed to improve the 
mechanical properties of the part. 
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Common transformation products during heat treatment are described below, and are 
partially pictured in Fig. 3-1: 
- austenite provides the initial conditions before hardening through non-
magnetic, face-centered-cubic iron crystal structure; 
- ferrite is the state of body-centered-cubic iron crystal structure; 
- pearlite is a blend in lamellar structure (whose space increases with the 
transformation temperature) of ferrite and cementite formed after slow 
quenching; 
- cementite, taking either lamellar or spheroid form, is a hard and brittle 
compound also known as iron carbide; 
- ledeburite is a mixture of austenite and cementite; 
- bainite may be produced during continuous cooling or isothermally at 
temperatures ranging from those to obtain pearlite and martensite. Mechanical 
properties diverge between upper bainite (feathery appearance, plates of 
cementite in a ferrite matrix), and lower bainite (acicular, close to tempered 
martensite, ferrite needles containing carbide platelets), depending on the 
temperature during transformation; 
- martensite is the product of a diffusionless transformation due to rapid 
quenching. Pearlite and bainitic transformations do not take place if the 
temperature reaches the martensite-start (MS) temperature before one of the 
other transformations occurs. Martensite quality depends on the initial carbon 
content of the austenite state. 
 
3.1.1.2 Heat treatment 
Traditional heat treatment process for steels involves the production of martensitic 
microstructure using a 2-to-3-phase heat treatment [Cal07]: 
- austenizing or heating the batch/part up to a specific temperature and holding 
it so that the complete steel part will reach an austenized state (gamma-phase 
iron); 
- quenching from the austenite state to the desired microstructure if the 
process is controlled (bainitizing for instance), or as fast as possible to ensure 
the formation of martensite in the part. Quenchants can take the form of water, 
polymer solutions, oils, or gases; 
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Fig. 3-1: Simplified Fe–C phase diagram, adapted from [Can10] 
 
- annealing, or in re-heating the part to a lower temperature than its austenizing 
temperature to produce a succession of micro-phenomena improving the 
mechanical properties. It takes the form of tempering if the so-obtained 
martensite requires an increase in toughness and ductility, thus reducing the 
generated excess of hardness in the part. 
Additional heat treatment methods can take place in order to improve the 
hardenability potential or distribution of steel alloys, as well as to operate superficial 
heat treatment on the part, with for instance: 
- surface hardening, taking the form of hardening or tempering, allowing local 
heat treatment, and the possibility of providing strong property gradients into 
the part based on the quenching/tempering process and resulting 
microstructures. It often takes the form of induction hardening in the case of 
automotive industry, usually followed by a strong (water) or controlled 
quenching (air or spray); 
 
22 
 
- case hardening, as the inclusion of elements through diffusion process into 
the superficial area of the part, maintaining the initial properties in the core of 
the part. It takes often the form of carburizing, using a furnace with carbon-
rich atmosphere. 
Time-temperature-transformation diagrams (TTT), such as ITD- (for isothermal 
transformation), or CCT- (for continuous cooling transformation) diagrams, are 
derived from the heat treatment of steel samples according to various parameters to 
allow a map of the phases and transformations starting from the austenizing 
temperature. The diagrams are utilized in the industry to monitor the transformations 
of the workpiece by measuring the temperature. The borders of the phase regions 
are plotted depending on the temperature and the logarithmic time, as reactions take 
place from very fast (martensite, bainite) to very slow time scales (pearlite).  
 
3.1.1.3 Bainitizing 
The attractive properties of lower bainite, combining high-strength and ductility, have 
been investigated in connection to numerous applications in the automotive industry 
[Beh14]. New steel alloys follow a large microstructure transformation in heat treated 
specimen, depending on the heat treatment conditions, to ensure the production of 
given mechanical properties at lower process requirements [Hu13] [Ele14] [Wir14].  
Precise spatial and temporal quenching operations are however requested to 
succeed in bainitizing such specimens. In Fig. 3-2, for instance, the process 
optimization of hot-forging for a new high-strength ductile bainitic (HDB) steel alloy 
[Keu12] [Fis14], including process-integrated gas and spray-quenching field, has 
been designed to perform quenching and bainitizing [Hin12a] from the remaining 
forging heat. 
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Fig. 3-2: Ideal time-temperature-transformation curve of an austenized HDB steel 
after rapid quenching, then isothermal bainitizing (micrographs from [Cal07]) 
 
3.1.2 Quenchants 
Quenching, defined as “cooling of an object at a rate faster than in still air” [Tyr86], is 
a crucial step in most heat treatment processes. Strength, ductility, toughness, and 
hardness of the part are direct products of the microstructure handling during 
quenching. Thus, the uniformity and intensity of a quenching process, influencing the 
distribution and intensity of heat transfer at the surface of the part during quenching, 
requires a strong control to obtain specific mechanical properties. 
The quenching process depends on the nature of the quenchant employed; in fact, 
the medium selected to extract the heat contained in the hot part or batch. The ability 
of a quenchant to extract the heat from a surface corresponding to a certain 
temperature interval is defined by the heat transfer coefficient h as 
  
 ̇
  
  
Quenching takes place after heating the part and maintaining it to a certain 
temperature (austenizing, in the case of steel), and takes the form of many processes 
using various „quenchants‟. Quenchants exist under three phases: 
- solid as e.g., fluidized beds, 
- liquid as water, oils, emulsions, solutions (e.g. salt), and polymers in water, 
- gaseous as air, nitrogen, argon, helium, hydrogen, and gas/liquid mixtures, 
whose impact on the manufacturing process goes beyond the lone quenching role 
(environmental issues, safety). 
 
(3-1) 
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3.1.2.1 Quenchants selection 
Luty [Lut10] mentions several criteria to pick up a viable quenchant for heat treatment 
of metal alloys, such as the abilities to 
- extract heat from a considerable portion of the quenched workpiece at a rate 
at least equal to the critical cooling rate, 
- demonstrate acceptable cooling kinetics (small cooling rates for temperatures 
below MS-temperature to avoid deformation), 
- keep stable through their service life (resistant to thermal decomposition and 
oxidation), 
- not interact with the quenched surfaces and quench tank nor with the heat 
treatment atmosphere, 
- conform to safety and environmental standards, 
- preserve the quenched surfaces from non-cleanable residues, 
- not generate a high investment per unit production. 
Depending on the heat treated alloy, quenchants take the form of various solutions 
described below. 
 
3.1.2.2 Steel quenchants 
Quenchants, ranging from liquid to gaseous solutions for the heat treatment of steels, 
include [Lut10]: 
- water, 
advantages: high specific heat of vaporization and heat capacity, possibility to 
dissolve inorganic compounds, as well, non-flammability, low cost, no health 
hazard, environmentally friendly; 
disadvantages: low boiling temperature and corrosive effects, high HTC 
variations at T°-range belonging to martensitic transformations; 
- water solution of nonorganic salts and alkali (brines), 
advantages: heat transfer coefficients more independent towards temperature, 
less cracks, lower distortion, less variation due to agitation, elimination of the 
vapor film stage;  
disadvantages: requires protection from corrosion, brine vapors are harmful 
(safety), higher cost than water (material, personnel) and can generate toxic 
wastes; 
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- water-oil emulsions (replaced by aqueous-polymer solutions), 
advantages: heat transfer coefficients HTC between oil and water; 
disadvantages: high unstability, generates cracks and distortion; 
- aqueous-polymer solutions, 
developed because of the disadvantages of water/oil: insufficiently high 
cooling rates in the range of pearlitic transformation, oils require safety 
procedures (environment, personnel protection), quenched parts must be 
washed (and washing product must be disposed); 
- mineral quenching oils (most commonly used quenchants), 
advantages: best compromise between high resulting hardness and low 
distortion;  
disadvantages: safety, environment, byproducts disposal, cleaning, cost; 
- saltbaths (used in martempering and austempering), 
advantages: stability of the heat treatment;  
disadvantages: safety, environment, byproducts disposal, cleaning, cost; 
- fluidized beds, 
advantages: good replacement for hot oil and saltbaths, no toxic vapors, easy 
temperature adjustment, almost unlimited service life;  
disadvantages: low HTCs, shield effect of particles on quenched surfaces, 
difficulty in mechanizing the process; 
- gas quenching,  
- and spray quenching, both extensively described below. 
 
3.1.2.3 Quenchants intensity 
Heat transfer coefficient values for common quenchants in heat treatment process 
are listed in Tab. 3-1, and pictured in Fig. 3-3. The heat exchange highly depends on 
the physical state of the quenchant. Gaseous quenchants have the lowest heat 
exchange potential, whereas liquid quenchants have the largest. Solid quenchants 
(e.g., saltbaths) provide heat transfer coefficients ranging between the two other 
states. 
Whereas liquid quenchants provide higher heat transfer coefficient under convective 
mechanisms, the boiling phenomenon for water, for instance, increases the heat 
transfer coefficient by a two-fold factor due to the change in physical state (vapor 
film). 
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Table 3-1: Heat transfer coefficient range for conventional quenchants, ranked by 
type and increasing intensity (gas < liquid) [Bau85] [Con93] 
Quenchant and conditions Heat transfer coefficient h (W/(m²K)) 
Air, free convection 0-50 
Nitrogen, forced, 1 bar 
Nitrogen, forced, 6 bar 
Nitrogen, forced, 10 bar 
100-150 
300-400 
400-500 
Helium, forced, 6 bar 
Helium, forced, 10 bar 
Helium, forced, 20 bar 
400-500 
550-650 
900-1000 
Hydrogen, forced, 6 bar 
Hydrogen, forced, 10 bar 
Hydrogen, forced, 20 bar 
450-600 
750 (extrapolated) 
1300 (extrapolated) 
Saltbath 350-800 
Oil, quiet, 20-80 °C 
Oil, agitated, 20-80°C 
(at surface temperature > Leidenfrost) 
1000-1500 
1800-2200 
 
Spray, 15-25 °C 
(at surface temperature > Leidenfrost) 
1500 
Water, agitated, 15-25 °C 
(at surface temperature > Leidenfrost) 
3000-3500 
 
 
Fig. 3-3: Heat transfer coefficient range for common quenchants utilized in metal 
heat treatment processes 
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3.2 Heat treatment gas quenching 
Heat-treatment gas quenching was introduced into industrial processes in the mid-
70s [Lös05], growing since then exponentially until the new millennium, as pictured in 
Fig. 3-5. Whereas the interest of researchers on this industrial topic grew almost 
equally in this period, the 2010-2014 periods exhibited a less intense interest from 
researchers in the topic of heat treatment gas quenching. Figure 3-5 demonstrates 
the balance between industrial and academic research on heat treatment gas 
quenching, progressively intensifying, and the recent decrease in publications, 
indicating the technology acceptance as today‟s investigation topics primarily consist 
in fine-tuning the technology optimization methods. 
 
3.2.1 Parameter analysis 
Several parameters influencing and influenced by gas quenching have been 
identified in both academic and industrial research projects, as transcribed in  
Fig. 3-6. The main parameters influencing gas quenching are [Lho92] [Lös95] 
[Loh96a] [Loh96b] [Dou08] [Sch13]: 
- the treated workpiece, consisting of a certain metal (chemical compounds), 
geometry (dimension, form), mass and pre-treatment (surface), where physical 
parameters such as thermal diffusivity, heat capacity, and density play the 
most important roles; 
 
 
Figure 3-5: Amount of publications (divided between industrial and academic 
research) covering heat treatment gas quenching 
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- the treating quenching medium, in this case the gas type, velocity, pressure, 
temperature, and flow type, with parameters such as heat conductivity, 
dynamic viscosity, density, and heat capacity for the gas itself;  
- the quenching unit, gathering the constructive solutions to ensure the 
pressure level and motion of the gas through flow conditioners (for incoming 
flow and around the batch) and the recirculation system (flow ducts and heat 
exchanger); 
- the batch, onto which the workpieces are distributed, or hanging to charge 
carriers from various metal compounds. Batch parameters are its mass, 
complexity (arrangement in layers with/without offset), density, and nature of 
the carriers. 
The main target of heat treatment gas quenching processes is the improvement of 
the workpiece mechanical properties, categorized in [Lös95]: 
- its microstructure; grain size, boundaries, and regions of various material 
properties affecting the mechanical properties; 
- its hardness; the mechanical ability of a material to resist to a 
punctual/superficial plastic deformation;  
- its distortion; or form variation from a specified ideal form; 
 
 
Figure 3-6: Parameters influencing and influenced by heat treatment gas quenching 
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Common advantages of gas quenching cited are belonging to process-connected, 
financial, environmental, and safety aspects [Lho92] [Lös95] [Hof98] [Alt98] [Lös05] 
[Liš07] [Lös07] [Dou08] [Qin08] [Bel10] [Heu13a] [Sch13]: 
- the intensity of quenching is mostly based on the sole gas pressure and 
velocity, providing a high process control thus high reproducibility with low 
standard deviation of the results; 
- distortion can be reduced using the process control, varying the intensity of 
the quenching to homogenize the temperature profile inside the part.  
- strictly one phase exists during the process (gaseous), avoiding the strong 
instability of latent heat delivered during phase changes as with water 
quenching for instance (Leidenfrost phenomenon), gas quenching is thus a 
pure convective heat treatment. Compared to liquid quenchants, heat transfers 
are more stable above MS-temperatures (thus limiting distortion effects) while 
their values are often higher than those of oil quenchants below MS-
temperatures; 
- post-machining is largely reduced, and can even be eliminated (such as 
grinding, for instance) in the manufacturing process integrating heat treatment 
gas quenching; 
- cleaning the part is not necessary, making gas quenching a „clean‟ heat 
treatment process that does not require investing in part post-washing; 
- as nitrogen is often the quenchant utilized during gas quenching, this process 
remains affordable and environmentally friendly in comparison to those 
requiring oils (added recycling cost, fire hazard, personal safety risks, part 
cleaning required). 
Usual drawbacks of gas quenching include [Lho92] [Liš07] [Lös07] [Dou08] [Qin08] 
[Sch13]: 
- lower cooling rates than conventional liquid quenchants, as previously 
quantified; 
- low cooling homogeneity when increasing batch size and density due to the 
high local variations of the flow velocity from the gas streaming through the 
batch, as well as the workpiece geometry complexity influencing the 
surrounding gas flow; 
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- larger initial investment and process costs (gas), especially for quenching 
chambers requiring flexibility (if integrated into a production line or covering 
large workpiece specifications), high pressures (if above standard furnace 
pressure tolerances), or expensive gases (argon, helium for low recovery rate, 
or high purity requirements). 
 
3.2.2 Workpieces 
The selection of a quenchant depends on various factors related to the nature of the 
material to be quenched and the quenching process itself, as also stated in [Alt04] 
[Can10]: 
- the nature of the metal/alloy with which the quenchant might react, with 
undesired consequences for the end quality of the product (e.g., oxidation); 
- the carbon content of a steel has a direct influence on the cracking 
propensity, thus influencing the choice of a less severe quenchant for steel 
with high carbon content; 
- the geometry of the part has to be correlated to the quenching technique 
(bath or field of nozzles) to reduce potential cooling rate gradients, inducing 
temperature gradients, and thus distortion risks. Both intensity and 
homogeneity of the selected quenching technique play an important role over 
the distortion risk and the desired case and core hardness; 
- charge carriers have to primarily fit the batch or single part, but also allow the 
quenchant to reach the surface of the part. Liquids or solid quenchant might 
suffer from the structure of the carrier while gas quenchants can easily stream 
around the carrier, suffering from minor decreases in intensity; 
- the stage of the heat treatment process, if the part needs for instance 
additional machining steps. 
Decades of industrial use of heat treatment gas quenching covered various 
workpiece geometries, as stated in Fig. 3-7. Whereas large, complex geometries, 
extruded profiles or plates, and steel tools remain less investigated in research fields, 
automotive components, specifically rings and flat gears, as well as cylinders, shafts, 
or bevel gears, are thoroughly investigated. Initially, investigation on gas quenching 
mostly focused on steel tools due to the high hardening potential [Alt91] [Kul91] 
[Pet92].  
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Figure 3-7: Amount of publications on heat treatment gas quenching ranked by type 
of quenched workpiece geometries 
 
Since the 2000s, intensive work has been done on single [Lio04] [Sch04] and batch 
[Lho92] [Sch08] [Cor13] of cylinders, in order to determine the optimal flow 
parameters during gas quenching. 
 
3.2.2.1 Cylinders 
Single cylinders 
The heat treatment of single shafts or cylinders is performed either in small 
quenching units [Lio04], if a high process-control is needed, or in gas-nozzle fields 
[Sch04], to ensure the even distribution of the heat transfer coefficient on the surface 
of the specimen. 
Batch of cylinders 
Larger quenching units are needed to perform the heat treatment of batch of 
cylinders. The length of the specimens, combined with the relative large dimension 
and density of such batches, makes this process usually challenging, justifying the 
numerous investigations on this topic, as seen in Fig. 3-7, either experimentally 
[Lho92] or numerically [Fod07] [Xia11] [Sch13]. 
More complex specimen geometries (e.g., bevel gears) are also investigated [Alt05] 
[Lös07] [Jur08]. The complex flow patterns occurring in the batch, due to batch-
cylinder and cylinder-cylinder interactions, are causing unstable heat transfer 
coefficient distributions, thus often negatively affecting the quenching performance. 
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3.2.2.2 Gears 
Type 
Depending on the direction of the shafts, gears are divided into different types: 
- parallel shafts are set in motion using spur gears. Helical gears allow 
smoother action but with axial thrust, thus reducing the power transmitted 
radially. Internal gears often take the form of spur or helical gears using teeth 
pointing inward toward the center of the gear; 
- intersecting shafts use bevel gears (straight or spiral) to allow the motion of 
the shafts usually placed 90° one from another. Face gears are combined with 
conical shafts to carry out the movement transmission. 
Material 
Gear materials range from low-strength polymers to ultra-high strength steels 
[Dav05a] [Dav05b]. The high strength-to-weight ratio of steel makes it particularly 
suitable for the various applications found in the automotive industry. Lightweight, but 
high-resistant materials are utilized for aerospace applications requiring safe 
compromises between weight and mechanical properties. 
The choosing criterion for steel materials is the hardening ability, either through-
hardening (core of the gear, also surface-hardened via induction heating), or case-
hardening (surface of the gear). High-performance gears are usually carburized, with 
special cases involving heat treatment such as carbonitriding or nitriding instead. 
Sanitary standards (food or chemical equipment) can require the use of stainless or 
nickel-based steels (anti-corrosion) [Dav05c]. 
Single gears 
Little is reported about gas quenching of single gears. Most research works focus on 
the numerical flow investigation (coupled heat transfer and turbulence models, 
optimal grid numbers) to test the validity of numerical models on reduced dimensions 
[Pel05] [Str07]. 
Batch of gears 
Batches of gears have been mostly investigated since the technique of gas 
quenching in gears heat treatment progressively took over conventional liquid-based 
quenching during the 1990s. Gas quenching efficiently tackles the negative effects of 
oil quenching [Lös95], consisting of a poor process control and a high distortion risk 
in the teeth area. 
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The second industrial revolution has put gears and their manufacturing on the 
foreground of metal process and methods. Effort transmissions require safe elements 
combining high surface hardness and structural strength, thus precise combinations 
of heat treatment processes. 
 
3.2.2.3 Rings 
Single rings 
Due to their high-sensibility to distortion, caused by quenchants intensity and 
homogeneity, high process-control used to be needed during the quenching of rings 
and ring gears. As for single shafts, gas-nozzle fields [Sch04] and small quenching 
units [Wün93] [Fer03] have been investigated and utilized in the industry to perform 
heat treatment. The rotation of the ring specimen led to improving the resulting 
distortion and hardness quality [Vol01]. 
Batch of rings 
The investigation of batches of rings is widely found for industrial applications [Tro98] 
[Alt00], numerically [Sug06] and even recently [Heu13], in order to optimize the ring 
batch so that the distortion risk can be minimized. Whereas a larger batch usually 
fails to provide satisfying distortion results, a smaller batch, consisting of one layer of 
workpieces, is more suitable to heat treatment processes [Tro98] [Heu13]. 
 
3.2.2.4 Distortion 
Distortion is a phenomenon taking the global form of body distortion (out of 
roundness, out of flatness, run-out dimensions), or the local form of tooth distortion 
[Rak00], being directly influenced by the first form of distortion. Part manufacturing 
requires acknowledging the potential risks of distortion to minimize its effect and 
avoid additional corrective manufacturing steps. Numerically [Hun04] [Fre05] and 
experimentally [Jur08] [Heu09] investigated, stress-induced distortions take their 
origin in two forms of stress: 
- thermal stress, due to the conductivity in the body, leading to temperature 
gradient from the severely quenched surface to the core undergoing lower 
quenching rates. Thermal gradients affect the local stress through local 
thermal shrinkage or expansion; 
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- transformation stress, consisting in the latent heat released and in the 
change of crystal structure for steel, from austenite (cubic face-centered) to 
ferrite (cubic centered), thus changing the volume of the solid; 
The engineering measures to control and minimize the distortion of specimens 
throughout the entire manufacturing chain (process chain) has been termed 
Distortion Engineering, and has been extensively investigated during the past decade 
[Hun04] [Fre05] [Kes06] [Zoc09]. Considering gas quenching, uniform and 
homogeneous flows induce lower residual stress, thus decrease the distortion risks 
[Thu99]. 
 
3.2.3 Medium 
Heat treatment gas quenching features a variety of gases whose application depends 
on the status of the quenching unit and the quality of the quenched workpieces. 
Besides requiring inert gases to avoid interaction with the furnace, its atmosphere, 
and the workpieces, several criteria influence the choice of a gaseous quenchant 
[Dou08]: 
- high thermal conductivity (for fast diffusive heat dispersion),  
- high density to maximize the convective heat dispersion,  
- high heat capacity to increase the heat sensitivity of the gas,  
- low viscosity to limit energy viscous dissipation, 
Figure 3-8 shows the gases commonly used in gas quenching: nitrogen and helium, 
considering air as close to nitrogen.  
 
 
Figure 3-8: Amount of publications on heat treatment gas quenching ranked by type 
of gas operated 
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CO2, argon, and hydrogen represent a small fraction of the gases utilized during gas 
quenching because of their performance-to-cost low ratio (argon) or their highly 
hazardous properties (hydrogen), even though they often exhibit high cooling rates 
(hydrogen), or are inert (argon). Whereas researchers focused early on the use of 
various gas quenchants, today‟s trends are largely going towards nitrogen and air 
quenching techniques, as observed since the technology acceptance of heat 
treatment gas quenching in the 2000s. 
 
3.2.3.1 Helium 
In comparison to hydrogen, helium exhibits less safety issues for slightly lower 
cooling rates (seen in Tab. 3-1). Helium is the chosen quenchant for numerous works 
investigating high-pressure gas quenching [Alt02] [Heu03] (up to 40 bar [Mid96]) at 
high velocities [Wün93], in order to reach the cooling rates of oil. Helium has however 
the significant drawback of high product and processing/recycling costs, in order to 
maintain its purity [Mid96] [Bea04] [Stra06]. 
 
3.2.3.2 Nitrogen 
Argon and nitrogen are more affordable than helium due to their lower processing 
costs. These byproducts of air are therefore found in relatively larger quantity. Air 
separation units can provide the gas quenching process in gaseous quenchant 
directly on-site [Mid96]. Liquid nitrogen also found an application as gaseous and 
phase-change quenchant (CHE for Controllable Heat Extraction method [Liš07]). 
 
3.2.3.3 Gas mixture 
Mixing between gases provides a positive influence on the thermal and kinetic 
parameters of the resulting quenchant [Lho92] [Bea04]. Hydrogen and helium exhibit 
a high thermal conductivity but a low density, thus better utilized for conductive 
dissipation than convective. Therefore, a mixing with a denser gas leads to positive 
effects in industrial gas quenching applications [Fau98] [Dou08].  
Mixtures of helium and argon [Fau98], hydrogen and nitrogen [Lüb98], or helium and 
CO2 [Bea04] demonstrate higher cooling rates than pure hydrogen, helium, or 
nitrogen for low investment and cycle costs. 
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3.2.3.4 Operating pressure and velocity 
The operating pressure of the cooling gas has a major influence on the heat transfer 
coefficient and, by extension, the cooling during the quenching process [Mid96] 
[Lin07] [Nar09]. Their values are depending on the nature of the gas, as low-density 
gas (helium) allows higher operating velocities and pressures. The advantage of a 
higher pressure is a more homogeneous cooling rate for the batch [Sto01]. 
Correlations relating the increase in heat transfer coefficient due to an increase in 
operating pressure or velocity are described below. 
 
3.2.4 Quenching unit 
Until the 1990s, gas quenching applications were exclusively operated in single-
chamber, vacuum furnaces due to the combination of pressure-based furnaces and 
quenching processes. Figure 3-9 summarizes the basic components of a high-
pressure gas-quenching (HPGQ) single-chamber, as described in [Lho92] [Cha08]. 
After the batch is heated up to the heat treatment temperature for a given time, gas 
quenching starts by filling the chamber with gas from the buffer tank up to the 
operating pressure. The blower is activated before the chamber is filled up, and 
progressively reaches the given rate to provide the recirculating gas its nominal 
velocity. 
 
 
Figure 3-9: High-pressure gas-quenching (HPGQ) single-chamber featuring the 
basic components and functionalities 
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Later on, 2-chamber vacuum furnaces proved higher quenching potentials for steel 
due to their second cold chamber offering lower temperature levels to comply with 
the need for more intensive cooling rates. Indeed, single-chamber gas quenching unit 
had the disadvantages of a high quantity of heat remaining in the hot chamber 
through isolation and heating elements, the high free stream area, the high furnace 
volume, and the limited place for the batch in the furnace [Pet92] [Ede97] [Rit03]. 
The early 2000s showed high interest in gas quenching applications in the 
development of heat treatment processes such as low-pressure carburizing (LPC) 
combined with 2-chamber vacuum furnaces [Grä01] [Alt02] [Kle02] [Alt06].  
A move towards high-integrated quenching chambers in manufacturing processes 
has been observed in the recent years with, for instance, multiple cold chambers for 
a mobile furnace [Lös03] [Lös07], or smaller furnace/quenching unit for the lean 
manufacturing of gears [Heu13b] [Kor16]. 
 
3.2.4.1 Classification 
Quenching units are usually classified according to the employed gas-stream 
technique, consisting in [Kay92] [Ede98] [Tro98] [Lös03] [Win05]: 
- peripheral cooling system, or horizontal furnace, mostly consisting of a field 
of nozzles whose impinging jets perform a local, intensive cooling on complex, 
massive geometries; 
- through-cooling system, or vertical furnace, whose recirculated gas, flowing 
through an aperture larger than a nozzle, aims at quenching batch of small 
workpieces, taking the form of rigid nozzles/perforated plates, large, rotative 
nozzles or diffusor. The gas flow can take the form of one- or bi-directional (or 
reverse) flow; 
- multiflow cooling system, as the recent combination of horizontal and 
vertical cooling techniques to provide more flexible quenching options for 
various geometries.  
Figure 3-10 shows the evolution of gas quenching apparatus [Win05], in terms of 
flow structure, from the 1960s up to today. The shift towards better controlled 
multiflow technologies aims at improving both cooling speed and uniformity of 
quenching in the batch. 
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Figure 3-10: Examples of gas-quenching apparatus developments since the 1960s, 
adapted from [Win05] 
 
3.2.4.2 Peripheral flow using nozzle fields 
Quenching chambers using single or field of nozzles mostly focus on batches of 
reduced dimensions, aiming at intensively and precisely quenching geometries with 
high distortion potential. Numerous experimental [Irr04] [Sch04] and simulative 
[Hec01] [Str07] [Rei09] works cover this topic. Applications are also found for larger 
batch dimensions with quenching systems using round hot zones consisting in a 
larger nozzle field, also investigated both numerically [Elk03] [Wan12] and 
experimentally [Kow08] [Zie13]. 
The application of nozzle-field gas quenching is largely operated using air [Kes06] or 
nitrogen [Sch05], and can be categorized based on the stream nature of the gaseous 
quenchant. 
Steady-state gas stream 
Gas quenching using steady-state nozzle gas stream is a common method to 
perform local, medium-intensified gas quenching in ambient pressure. Air cleaner 
pistols are examples of affordable quench solutions in forming applications for non-
controlled quenching. 
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Controlled quenching applications however request a fine tuning of several 
parameters of the quench field, as shown in Fig. 3-11, for the case of cylindrical 
geometries [Wün93] [Şim09] [Sch12]: 
- the gas properties, chemical, mass flow, and pressure, directly affect the 
intensity of the heat exchange happening at the surface of the quenched 
object. When using air as quenchant, the cleanliness needs to be verified in 
order to avoid small particles and dust that perturb the nozzle internal air flow; 
- the nozzle shape, conditioning the gas flow impinging onto the quenched 
object. Technical features can provide additional motion to the flow, for 
instance swirl motion if providing an angle to multiple gas outlets; 
- the arrangement of the nozzle field, specifically for parts requesting intense 
and/or located quenching. The combination between nozzles should not 
decrease the benefits of one single nozzle (e.g., due to shear jet interaction); 
- the relative motion of the workpiece towards the quenching field, in order to 
lessen the heterogeneity of the cooling rates distributed over the quenched 
surface. 
Figure 3-11 [Sch12] presents a specific quenching setup for aluminum alloy of 
cylindrical shape, featuring the use of 48 nozzles and air under ambient atmosphere. 
The arrangement of 4 arrays of nozzles every 90° ensures the even distribution of 
the heat transfer coefficient on the surface of the part. The nozzle shape provides a 
focused jet cone that leads to low jet-jet interaction and high heat transfer coefficient 
on the cylindrical quenched surface. 
 
 
Figure 3-11: Gas nozzle field quenching system used in experimental verification of 
simulations for the quenching of aluminum specimen, adapted from [Sch12] 
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Pulsating gas stream 
Confined areas suffer from the poor ability to evacuate the heat that is exchanged 
between the object surface and the fluid. In impinging techniques, a transverse flow 
usually improves the circulation of the hot quenchant, thus its cooling rate. 
Alternative solutions have been recently investigated with the example of acoustic 
streaming [McG08], aiming at carrying out the heat extraction within one quenching 
method. Acoustic streaming is mostly used in micro-electronics applications requiring 
low quenching intensity yet rapid heat evacuation in small dimensions [Pav06] 
[Lea13]. 
The use of high oscillating flows (e.g., ultrasound) as industrially viable improvement 
in heat treatment process, in combination with conventional nozzle quenching 
processes, has not been reported yet. This technique is however employed to tackle 
water quenching issues, notably in aluminum heat treatment, to control the boiling 
phenomenon (Leidenfrost effect), and intensify the effect of the quenchant [Red11]. 
The ultrasound offers the ability to break the vapor film formed on the surface of the 
quenched object earlier, thus increasing the heat transfer coefficient via a shift of the 
bubble boiling phenomenon to higher temperatures. 
In Fig. 3-12, Legay et al. [Leg11] reports the use of several periodic streaming 
techniques to improve the heat exchange, underlining an increase in heat transfer h 
concentrated in the range  hUS = 1-5*h, however by far without specific relation to 
metal heat treatment. 
 
  
Figure 3-12: Increase in convective heat transfer due to ultrasound power; the 
numbers relate to specific literature sources from [Leg11] 
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3.2.4.3 Uni-directional, through-cooling flow 
Axial flow quenching chambers have been the first and so far the most common type 
of gas quenching chambers found in industrial applications, thus being largely 
investigated experimentally [Ede98] [Bea04] [Ros06] [Sin10] [Heu11a] [Heu13a] 
[Zie13], and numerically [Sug06] [Fod07] [Sch09] [Cos12]. They cover a large range 
of part geometries and dimensions (mostly gears for steel hardening applications), as 
well as a large range of process parameters (gas type, velocity and pressure, flow 
conditioners), and offer a great flexibility in adapting to different batches, or process 
conditions due to the dimension of the quenching chamber [Ede97]. 
Figure 3-13 (first and second positions) [Tro98] presents the principles of a 1-
chamber, experimental hardening unit operated in uni-directional (respectively from 
the top and from the right side) gas flow configuration. Heat exchangers are situated 
below the batch to ensure proper temperature difference between the quenchant and 
the batch, improving the heat flux in the various operative directions of the process 
during gas recirculation. 
 
3.2.4.4 Bi-directional, through-cooling flow 
Horizontal and vertical flow quenching chambers aim at quenching batches of more 
complex part geometries than with chambers using 1-directional quenching flow. 
They require larger dimensions to provide a second recirculating gas unit. The batch 
also requires to be optimally arranged, so that the two flow directions are the most 
profitable, avoiding unnecessary energy dissipation. Bi-directional, through-cooling 
flow quenching units have remained so far only experimental [Zie13] [Zie14]. 
 
 
Figure 3-13: Gas flow directions available in a flexible experimental high-pressure 
gas quenching unit, adapted from [Tro98] 
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Figure 3-14: Quenching unit for large batch with horizontal and vertical cooling gas 
stream with reversing function and rectangular hot zone design, adapted from [Zie13] 
 
Figure 3-14 [Zie13] presents the process of bi-directional quenching with reversing 
flow of a large batch. The process flexibility offered by the gas impingement on four 
sides of the batch provides a more even quenching inside the batch and reduces the 
effect of recirculating zones in the quenching chamber. For both cases of pure axial 
flow and additional transversal flow quenching chambers, the hot zone consists of a 
rectangular design. 
 
3.2.4.5 Multi-directional quenching chambers 
Very complex batch arrangements, containing smaller parts or a very large, single 
part requiring an even quenching on all sides in the same time interval, are 
challenging features for conventional, 1-directional gas quenching techniques. Little 
can be found about experiments of multiflow quenching units [Kay92] [Tro98] [Zie13]. 
Due to obvious technical reasons, the implementation of three flow directions in uni-
directional quenching units has not been performed yet. Nozzle field and peripheral-
flow quenching units can be modified as seen in Fig. 3-13 (fourth position) to allow an 
additional flow axis in the quenching chamber in order to improve the cooling 
homogeneity of the batch. 
 
3.2.4.6 Reverse flow 
Reverse flow [Lös03] [Alt04] [Heu13a] [Zie13] has been introduced for the quenching 
of automotive components, essentially bevel gears, due to their high dimension 
variation along the shaft, and gear wheels for an evenly distributed quenching rate in 
the teeth area.  
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Top-to-bottom, uni-directional flows have the drawback of producing large 
recirculation zones or shadowing effects in the successive layers of a large batch 
[Kay92]. Reversing flows partially solve both local and global drawbacks of a flow 
impacting the batch only to one side [Lös03].  
Figure 3-15 shows the effects of the reverse flow and the contribution of a second 
blower on the quenching intensity and homogeneity of a large batch [Lös03]. During 
the quenching process, better results are found for a batch of gear wheels if the uni-
directional flow starts with top-to-bottom, then bottom-to-top flow configuration. Single 
top-to-bottom flow offers more satisfying results than single bottom-to-top gas flow 
[Alt04]. 
 
3.2.5 Batch 
In order to decrease the costs of production cycles, workpieces are heat treated in 
batches. A larger batch density means a decrease in energy and process costs 
whereas the homogeneity and intensity of quenching are less controllable [Sch10a], 
due to the increase in flow complexity. The batch distribution of the quenched 
workpieces has a strong effect on the local cooling rates of the single workpieces due 
to the workpiece-workpiece and batch-workpiece interactions, as well as on the 
global cooling rate, due to the impinging gas flow and the density of the batch 
[Tro98]. 
 
 
Figure 3-15: Effects of the reverse flow and the contribution of a second blower on 
the quenching intensity and homogeneity, adapted from [Lös03] 
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3.2.5.1 Batch of cylinders 
Whereas literature widely covers batch arrangements of cylinders parallel to the main 
flow direction  [Lüb98] [Alt06] [Sch10a], little has been published about transverse or 
staggered batch arrangements in the case of uni-directional gas quenching [Lho92]. 
Batches of cylinders usually comprise two [Kat05] [Alt06] [Sch10a] to three [Lüb98] 
layers of cylinders, even though longer shafts might be arranged according to a one-
layer batch [Lös07]. The space between cylinders plays a major role in homogenizing 
and intensifying the heat transfer between quenchant and workpiece. 
Simulations [Sch01] mention the increase in heat transfer when the space between 
workpieces decreases, as the small eddies develop and the recirculating flow 
occurring along the cylinder reduces in size. The reduction of the gap between layers 
also lessens the effect of bottom recirculation by forming a continuous cylindrical 
geometry [Sch10a]. The arrangement of the layers (possibility to create an offset 
between two successive layers [Sch01]) presents the advantage of distributing the 
flow more equally towards the cylinder, and to avoid a large difference in cooling 
rates between the first layer impacted by the flow and the successive layer(s). 
For more complex geometries such as bevel gears, consisting in a long shaft and a 
larger geared head, denser batch [Alt06] and reverse flow [Lös07] are seen as 
successful quenching strategies to homogenize the cooling rates of the different 
sections, and tackle the large recirculating areas produced by the large gear head. 
 
3.2.5.2 Batch of gears 
In comparison to batches of cylinders, mostly experimentally and numerically 
covered, batches of gears are usually more complex to model, thus often modelled 
as thick discs [Fri08] [Lio09]. The heat treatment industry however provides an 
important source of results concerning batch of gears [Tro98] [Alt04] [Qin08] [Ast12]. 
For economic reasons, gears have been quenched using two to three [Fri08], or 
more [Heu04] [Heu13a], layers in the batch. Only recently, one-layer batches are 
targeting the lean manufacturing market [Heu11a], adopting the one-piece-flow 
[Heu11b] [Kor16] strategy. In-line arrangements are also numerically investigated 
with the same perspective of reducing process cycle time [Lio09]. Gears are also 
hung to the batch structure to ensure a complete carburizing process [Her04] [Bri11], 
thus avoiding the shadowing effect on the surface of the charge carrier.  
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The major drawback of such techniques is the high distortion (out-of-roundness) 
potential of the batch distribution, higher than the distortion found using oil 
quenchants [Tro98] [Cla09]. 
 
3.2.5.3 Batch of rings 
Whereas batches of gears strongly influence the pressure drop due to the large 
blocking grade of the single workpieces [Fri08], rings offer a large free stream area 
being less problematic to a dense arrangement of the batch. The thinner material 
however increases the distortion risks during quenching, so that this geometry is 
critically depending on the batch distribution. Large, multiple-layer batches of rings 
are usually found in the literature to have a low impact on the flow, and the flat 
dimension do not limit the amount of successive layers in comparison to gears or 
shafts [Lös08] [Heu13a]. However, a single layer of rings produces a better result 
than two layers, whereas hanging the rings does not provide acceptable results due 
to high distortion [Tro98]. Larger rings requiring higher quenching rates also need 
better control of the local heat transfer from the gaseous quenchant, thus single-
quenched in a nozzle field [Vol01] [Fer03]. 
 
3.2.6 Process classification 
Current manufacturing processes require a high level of flexibility to quickly adapt to 
batch sizes or various geometries. Heat treatment gas quenching, directly integrated 
into the manufacturing process, requires the same flexibility. The technological trend, 
at present, clearly shows an evolution from larger to smaller-sized batches, and even 
one-piece-flow, with rapid and high-efficient productivity. In this scope, specific flow 
conditioners aim at adapting the process to the batch size and the specimen 
geometry. Depending on the dimension of the charge, gas flow techniques in 
quenching may vary from individual jets to bigger inlets. The main purpose of flow 
conditioning is to improve the intensity and homogeneity of the gas quenching 
process, for targeted mechanical properties. The frontiers between macro, meso, and 
micro levels have been defined in situations where the effect of the gas quenching 
system on the heat exchange is similar to these between part themselves: firstly, 
when the scale is set to groups of parts (macro - meso), and secondly, when the 
system has almost no impact on the heat transfer anymore, thus remaining locally 
into effects between single parts, the level of the problem is set to micro-scale. 
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As also found in [Cos12], gas quenching processes are split in this work between 
three process levels as pictured in Tab. 3-2: 
- micro, consisting of the surrounding elements of a part (single or located in a 
batch), where the quenching action focuses on the surface properties 
(geometry, temperature) of the part. The gas flow needs to be optimized in 
order to satisfy the quenching requirements, depending on the material 
properties of the part, and the geometry influencing the impinging or streaming 
gas flow; 
- meso, including a system of parts with its carrier. The interaction between 
neighboring parts is investigated over the impact on the gas flow, and the 
influence over the local heat exchange (intensity and homogeneity). The 
blocking grade of the ensemble of parts and of the charge carrier is also 
investigated at this level; 
- macro, considering the flow of the gas into the whole quenching chamber, 
thus investigating the effect of the macro geometry of the batch (as a whole 
system) on flow structures taking form from the gas; 
For the three process levels, various part types are quenched according to specific 
batch organization represented in Tab. 3-2. Excluding the micro-level, where the 
single part is observed, gas quenching processes can be split into 4+ dimensions (0 
to 3-D, with a possible integration of dynamic quenching process). 
 
Table 3-2: Scaling in gas quenching processes 
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The notion of dimensionality in gas quenching has been extended from the 
development of “2-D” quenching chambers, as in [Heu11b] [Heu13a] [Heu13b]. In 
order to improve the efficiency of the production cycle, and expand the gas 
quenching applications field to larger and more complex geometries, the one-piece-
flow [Heu11b] or single-piece-flow [Kor16] strategies have been investigated, as seen 
in Fig. 3-16, as part of lean manufacturing processes of gears. 
The present work defines flow conditioning under the dimensionality of gas 
quenching as follow: 
- 0-D, focusing on quenching a single specimen, flow conditioning requires a 
complete dependence of the quenching setup on the specimen geometry and 
material, initial or targeted properties; 
- 1-D, focusing on quenching an in-line arrangements of specimen, where flow 
conditioning ensures that the flow around each part is almost similar, with 
particular attention to the flow impacting the first part, whose intensity strongly 
decreases, a posteriori;  
- 2-D, focusing on quenching a 2-dimensional, flat batch of specimens, where 
the distribution of the impacting flow onto the surface requires to be uniform; 
- 3-D, focusing on quenching a 3-dimensional, full batch of specimens with 
requirements integrating the 1-D and 2-D aspects, including the impacted 
surface of the batch, and the neighboring effect between parts. 
The 4-D quenching systems mentioned in [Her15] [Kor16] and seen in Fig. 3-16 are 
in fact dynamic 0-D systems: the static nozzle field specially fits the specimen 
geometry which is rotating inside the field. 
This integrated heat treatment line illustrates the concept of lean manufacturing with 
its in-line arrangement of helical gears successively carried through the different 
phases of the process, from the initial heating phase, to low-pressure carburizing, a 
diffusion phase, and finally gas quenching of single specimens. 
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Figure 3-16: Load transport in a low-pressure carburizing and high-pressure gas 
quenching furnace (top), and a closer view of the 15 bar nitrogen gas quenching unit 
with a rotating helical gear at the center of the chamber (bottom), adapted from 
[Her15] and [Kor16] 
 
Trends are summarized for the various dimensions connected to time and specimen 
geometries in Fig. 3-17, demonstrating the recent growing interest for smaller 
batches, still mostly focusing on cylindrical or flat gear geometries. 
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Figure 3-17: Amount of publications regarding the dimension of the batch in gas 
quenching through the years (left) and distribution of the geometries according to 
their batch dimension (right) 
 
Gas quenching chamber types can be split, according to Tab. 3-2, in: 
- a peripheral cooling system, or horizontal cooling system, mostly consisting 
in a field of nozzles whose impinging jets perform a local, intensive cooling on 
complex, massive geometries; 
- a through-cooling system, or vertical cooling system, whose recirculated gas 
flow, consisting of an aperture larger than a nozzle, aims at quenching a batch 
of small workpieces, taking the form of rigid nozzles/perforated plates, large, 
rotative nozzles, or diffusor. The gas flow can take the form of one- or bi-
directional (or reverse) flow; 
- a multiflow cooling system, such as the combination of horizontal and vertical 
cooling techniques to provide more flexible quenching options for various 
geometries.  
The selection of the process dimension depends primarily on the part or batch 
geometry, and secondly on (also strongly related to) cost aspects, as presented in 
Tab. 3-3.  
With increasing process dimension, the cost per part and the process time decrease, 
whereas the advantages brought by a smaller batch size or from single parts will 
reduce, such as the quenching intensity and homogeneity, as well as the ability to 
integrate the quenching process into a production cycle (process integration). 
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Table 3-3: Evaluation of the impact of batch size and dimensionality on conventional 
process parameters (cost, time, integration capability and quenching effectivity) 
 0D 1D 2D 3D 
Cost per part -- - + ++ 
Process time -- - + ++ 
Process 
integration 
++ +/- +/- -- 
Quenching 
intensity 
++ + - - 
Quenching 
homogeneity 
++ + - -- 
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3.3 Heat treatment spray quenching 
Spray quenching, as reported in [Dei89] [Sch12] [Pol13], offers a greater range of 
heat transfer coefficients in comparison to gas quenching, and a greater flexibility and 
control over the process in comparison to conventional oil-based quenching media. 
Spray quenching enhances the temporal (the specimen is not dropped in a bath, 
sprays can be rapidly switched on and off), and spatial (quenching medium 
distribution over the specimen) heat treatment possibilities. The main drawback of 
quenching in liquids compared to gas quenching is the problem of facing uncontrolled 
changes in its temporal heat transfer distribution: from film boiling to nucleate boiling, 
and finally, pure convection and different heat transfer mechanisms prevail [Sta14]. 
Spray quenching aims also at reducing workpiece distortion caused by the variations 
in the heat transfer coefficient values, due to the phase transformation happening 
during conventional liquid-based quenching. 
As seen in Fig. 3-18 [Sch12], a spray is obtained through the atomization of a liquid 
by a pressured gas in a specifically shaped nozzle. Critical parameters, such as the 
droplet size and the spray distributions, influence the heat transfer induced by the 
spray at the surface of the specimen, as detailed below. 
 
 
Figure 3-18: Atomization and spraying of water onto a metal shaft specimen using 
pressured air by a twin-fluid, flat-spray nozzle [Sch12] 
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3.3.1 Parameters 
3.3.1.1 Impingement density 
The impingement density, as defined by [Jes10], is the quantity of liquid reaching the 
solid per unit of time and area (mass flow rate). An increase in the impingement 
density produces an increase in heat transfer and a shift of the Leidenfrost 
temperature to higher values. 
For a given spray nozzle geometry, the impingement density can be evaluated by the 
means of a patternator, which consists of one (or more) linear arrangement of 
equidistantly-spaced tubular containers capturing the water droplet along the sprayed 
surface. 
 
3.3.1.2 Spray shape 
Nozzle geometries offer the possibility to vary the spray shape, depending on the 
positions of the liquid and gas outlets, as well as their respective pressures. The 
spray shape allows a focus of the heat transfer activity towards specific solid shapes, 
as thin, long shafts (Fig. 3-18), for instance.  
Figure 3-18 shows the expansion of a spray cone characteristic of a flat-spray, twin-
fluid nozzle (with water and air in Fig. 3-18). The combination of multiple sprays, as in 
Fig. 3-19, improves the spatial quenching control by fitting the quenching conditions 
(nozzles distribution) directly to the quenched part geometry, furthermore saving 
quenching medium. 
 
3.3.2 Range of applications 
Recent forming processes of metal components (aluminum, steel), e.g. in the 
automotive or aerospace industries, require a precise definition of the cooling 
parameters during the quenching phase of the metallic specimen. Spray quenching 
offers the spatial (control of the droplet distribution at the specimen surface), and 
temporal (control of the gas and liquid mass flow rates, or pressure) flexibility to heat 
treat various specimen alloys and geometries. 
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The two main applications of heat treatment spray quenching are (Fig. 3-19): 
- the sheet-metal industry (left) [Dei89] [Hal97], consisting in the forming of thin 
metal parts (usually aluminum), of complex shapes; 
- the forging industry (right and bottom) [Hin12] [Pol13], mostly consisting of 
massive parts requesting homogeneous cooling higher intensity than gas 
quenching. 
Spray quenching is a reasonable method to control heat transfer across a specimen 
shape, as seen in Fig. 3-19 (right), where an array of eight nozzles covers the 
surface of a stepped shaft (controlled steel bainitizing). The multiplication of 
application points (amount of nozzles), and its management over the time (stepped 
quenching), ensure the smooth quenching of larger specimens (Fig. 3-19, bottom). 
 
 
Figure 3-19: Arrangement of spray nozzles to quench an aluminum part (left), 
adapted from [Dei89], two levels of four spray units surrounding a heated stepped 
shaft specimen (right), and spray distribution over a quenched stepped shaft 
(bottom), adapted from [Pol13] 
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3.4 Gas flow and heat transfer in quenching processes 
The heat treatment quality is correlated to the intensity and homogeneity of the heat 
transfer coefficient, distributed at the surface of the parts to be quenched in the 
batch. The heat transfer coefficient relies directly on the gas flow around the batch of 
parts. As a consequence, the main physical values involved in the analysis of flow 
dynamics for heat transfer are being introduced below. 
 
3.4.1 Characteristic physical values and numbers 
3.4.1.1 Fluid dynamics numbers 
The Reynolds number defines the flow structure as 
   
   
 
 
with    defining the velocity of the streaming flow,   representing the kinematic 
viscosity of the gas, and L as a characteristic length (along the workpiece). In gas 
quenching process, gas flows commonly reach Re > 3.106 [Lio04], thus belonging to 
the range of highly turbulent flows, based on the inlet velocity.  
The Prandtl number provides the information about the behavior of the momentum-
transport to the heat transport as 
   
 
 
 
   
  
 
with a the temperature conductivity, and   the dynamic viscosity.  
The turbulence intensity Tu is an indicator of the level of turbulence transported 
inside a flow. The production and dissolution of eddies [Bös07] directly influence the 
production of turbulences in the three dimensions when the flow is non-laminar. The 
turbulence intensity is quantified using the fluctuating part of the velocity, defined as 
the difference between the velocity in one direction and its temporal mean [Rat92], 
                ̅̅ ̅̅ ̅̅ ̅         
     
The turbulence intensity of a flow is defined as the ratio of the root-mean-square of 
the turbulent velocity fluctuations (proportional to the turbulent kinetic energy, k) to 
the root-mean-square of the three mean velocity components as 
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which takes the following form in an isotropic flow [Sig08],  
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When expressing the standard deviation of the velocity under the form 
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∑       ̅  
 
 
  
the approximation of n-1 ≈ n for a large amount of samples lead to reformulating the 
turbulence intensity of a flow as the ratio of the standard deviation to the mean of its 
velocity, 
   
  
 ̅
   
The turbulence intensity has a direct influence on the flow-velocity 
uniformity/homogeneity and intensity, thus on the heat transfer taking place during 
gas quenching processes. 
The pressure loss generated by a quenching apparatus is the sum of the successive 
pressure losses created by the chosen technologies through which the gas flows, 
such as the varyating pipe geometries, the heat exchanger arrangement, or the 
quenched charge itself. For all types of flow patterns, the pressure loss can be 
expressed as 
     
   
 
   
where   is the drag coefficient (depending on the Reynolds number), and   a factor 
depending on the nature of the flow [Kas10].  
 
3.4.1.2 Heat transfer numbers 
In heat treatment mechanisms, the process effectivity and efficiency are quantified 
using the heat transfer coefficient, represented by the non-dimensional Nusselt 
number:  
   
  
  
 
which is the ratio of the convective to the conductive heat transfer in the fluid, where 
 ,  , and    respectively define the heat transfer coefficient, a characteristic length 
depending on the geometry of the system, and the heat conductivity of the gas. 
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The Biot number, in analogy to the Nusselt number when considering solid materials, 
is defined by 
   
  
  
 
where    is the heat conductivity of the solid material, and serves as a reference to 
use the lumped-capacitance method for specimen heat transfer evaluation. Knowing 
the cooling rate of a quenchant for a given geometry, the Biot number determines the 
ability of the part to reach certain core hardness due to the effect of the heat 
conductivity. 
 
3.4.1.3 Heat transfer mechanisms 
Optimizing a quenching process requires a full understanding of gas flow dynamics 
and heat exchange properties for applications in metal heat treatment. Heat transfer 
mechanisms in heat treatment gas and spray quenching are governed by four types 
of mechanisms:  
- conduction, a diffusive process for heat exchange based on the molecular 
motion or vibration. The ability of a material to conduct heat is given by its 
thermal conductivity (0.0246 W/(K.m) for air). Those of solids, improved by the 
motion of free electrons, are far larger than those of gases, making the 
conductivity effect in gaseous heat exchange neglectible [VDI10]. For gases, 
the thermal conductivity ranges from 0.015 for carbon dioxide to 0.15 W/(K.m) 
for hydrogen whereas liquids and solids range from 0.1 to 0.65, and from 1 to 
450 W/(K.m), respectively. The thermal conduction is carried out via molecular 
motion, thus improved when the temperature increases in the system. The 
Fourier‟s law relates the thermal conductivity of the material, the temperature 
temporal evolution, and the heat flux by 
 ̇    
  
  
 
 as the positive heat transfer is directed towards the decreasing temperature. 
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- radiation, is the conversion of thermal energy (charged particles) from all 
matter into electromagnetic waves diffused in its surroundings, based on the 
emissivity property of the material and the temperature of the surface of the 
matter, as defined by the heat flux of a real body  ̇ compared to the one of a 
black body   ̇, 
 ̇      ̇       
  
with   the emissivity of the real surface (0 <   < 1, with metal grey surfaces 
tending to 0), and   the Stefan-Boltzmann constant (5.67.10-8 W/(m²K4)). 
- convection, is the heat transfer resulting from the macroscopic motion of 
matters, involving the dynamics of fluids. Difference has to be made between 
free (or natural) convection, which is produced by buoyant forces (fluid motion 
produced by itself, due to e.g., thermal expansion), and forced convection, 
where the heat transfer is resulting from an external fluid motion (e.g., through 
artificial convective current from a fan or a pump).  
The convective heat transport is given by the relation 
 ̇           
with h the heat transfer coefficient, and stating       , thus cooling the wall 
using the convective fluid at the surface.  
- evaporation, where vapor bubbles are formed from nucleus located at the 
surface of a liquid film, depending on the local temperature or surface 
roughness. The vapor in the bubble requires a higher pressure than the liquid 
layer around in order to grow from the superheated film.  
Considering a non-slip condition and a fluid at rest at wall-level in the configuration of 
the boundary layer, and a heat balance at wall level comparing Eq. (3-11) and Eq. (3-
13), the heat transfer coefficient can be expressed as 
    
  
  |
   
     
 
with the thermal boundary layer defined as    
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During heat treatment gas quenching, the heat extracted during the process can be 
described as the sum of the convective and radiative heat loss undergone by the 
batch. The potential heat exchange undergone by the quenched batch expressed as 
heat flux is then 
  ̇    ̇    ̇ 
   ̇       
 
   
 
            
Considering a batch temperature of around 1000 K and free convection at room 
temperature (h ~ 25 W/(K.m²), T ~ 300 K), Eq. (3-15a) can be approximated to 
  ̇              
thus demonstrating comparable influence of both radiation and convection on the 
thermal exchange in the quenching chamber. The use of a gaseous quenchant 
improves the heat transfer coefficient by a factor 10 to 100, thus reducing the 
influence of thermal radiation. The decrease in batch temperature also reduces the 
effect of thermal radiation. Thermal radiation can therefore be neglected during heat 
treatment gas quenching involving forced convection as also stated in [Loh96] 
[Sch13]. 
 
3.4.1.4 Correlations 
The integral heat transfer coefficients are compared with the standard correlation for 
the streamwise flows over a surface from [Gni10a],  
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Pr and Re are dimensionless numbers, and respectively define the Prandtl number 
and the Reynolds number.  
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In gas quenching processes, Belinato et al. [Bel10] state that the heat transfer 
coefficient is proportional to the flow rate and the pressure of the gas in similar ways, 
so that 
        
  
where m takes a non-dimensional, empirical value from 0.6 to 0.8. In fact, the heat 
exchange increases due to the molecular impacts produced by an increase in 
pressure (molecular density), or velocity (molecular motion), as also demonstrated 
experimentally [Mid96] [Nar09]. 
Heuer and Löser [Heu04] [Lös05] mention a formulation of the heat transfer 
coefficient in industrial gas quenching in terms of the basic physical parameters:  
      
                    
      
    
 
based on the conventional Nusselt-based correlation involving the flow 
characteristics by the Reynolds number (Re), and the gas characteristics by the 
Prandtl number (Pr). This practical-oriented correlation directly identifies the influence 
of the velocity and the pressure of the streaming gas on the batch on the heat 
transfer. The constant C2 is a chamber constant depicting the influence of the 
quenching chamber geometry to the gas flow, and the final heat transfer coefficient 
value resulting. 
 
3.4.2 Flow structures 
Various constructive parameters in quenching and batch processes play a role on the 
flow structure developing during heat treatment gas quenching [Sch01] [Lös03]: 
- the charge produces a blocking grade leading to two effects on the 
surrounding gas flow: the mean flow velocity is directly proportional to the free 
surface offered by the batch (e.g., the room between the parts). Higher batch 
density implies a higher average velocity, hence a more effective heat 
exchange, but also a higher pressure loss due to the higher blocking grade. 
Moreover, the blocking grade from the charge leads the flow to escape to the 
side of the batch as the batch cannot exactly fit the complete space of the 
quenching chamber. Higher flow velocity is thus expected on the sides of the 
batch; 
  
 
(3-17) 
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- the gas mass flow circulating inside the quenching compliance undergoes 
various fluid dynamics phenomena during its circulation, such as turbulence 
generation and pressure drops, due to the technical solutions (flow 
conditioners, heat exchangers), and geometry of the facility. The ventilator has 
a specific response, also relating the pressure drop to the available mass flow; 
- most of the heat transfer between the batch and the gas is produced by 
impinging gas onto the surface of the part. With low velocity, recirculating 
flows fail to reach the intensity of impinging flows, so that the optimal condition 
for intensifying gas quenching processes resides in improving impinging flows. 
It is however possible to classify gas flows in gas quenching process according to 
flow configurations found in the literature, as introduced below. 
 
3.4.2.1 Flow patterns in gas quenching chambers 
Laminar versus turbulent flow 
The gas flow in a quenching chamber is characterized by its Reynolds number, 
defining the level of turbulence contained in the flow. High turbulent flows are mostly 
found in gas quenching process, which leads to the increase in convective heat 
transfer [Hof92] [Wib03], but also to high heterogeneity of the heat transfer 
coefficient, as described in the configurations below. 
Pipe flows 
Pipe flows [Gni10b] are among the most studied flow structures in fluid dynamics as 
they are part of several technical processes (e.g., process engineering, oil). In the 
context of gas quenching, pipe flows take place inside the gas supply system, in the 
gas quenching compliances, and condition the gas flow before entering the 
quenching chamber, through the heat exchanger or flow conditioner situated before 
the charge to be quenched, in the case of multi-dimensional gas quenching 
processes.  
The drag coefficient   related to pressure losses in pipe flows can be obtained in the 
case of flows inside smooth pipes in the range 2.104 < Re < 2.106 (usual in gas 
quenching) from the Hermann equation [Kas10],  
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Figure 3-20: Effect of the turbulence in pipe flow with corresponding velocity profiles 
 
Depending on the intensity of the turbulence, pipe flows are split between turbulent 
and laminar flows, as described in Fig. 3-20, using the velocity profiles in the two 
various configurations. 
Considering the Reynolds number, laminar flows (in pipes) occur at Re < 2300, 
transitional flows at 2300 < Re < 10000 and turbulent flows at Re > 10000 [Gni10b]. 
For gas quenching applications, the complexity of the chamber with gas supply, heat 
exchanger, and additional flow conditioners leads the gas flow to be highly turbulent 
(with a Reynolds number ranging from about 10000 up to 1000000), thus belonging 
to turbulent gaseous flows. 
Gnielinski [Gni10b] suggested a correlation for the heat exchange in fully developed 
pipe flows, 
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and a validity range defined as 0.1 < Pr < 1000; 10000 < Re < 1000000; D/L < 1. 
A rather simplified expression for approximate calculations exists for transitional flows 
(Re < 10000) in the range 0.5 < Pr < 1.5, thus valid for the flow in gas quenching 
processes, as 
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)
    
+  
Flow over/past a plate 
Considering higher process dimensions, when the size of the chamber is far larger 
than the size of the boundary layer at the surface of the part to be quenched, the gas 
flow can be approximated to a 1-D flow streaming onto the surface of the plate 
(excluding the case of impinging quenching techniques). 
 
 
(3-20) 
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Figure 3-21: Scheme of the boundary layer from a flow stream onto a plate with 
velocity and temperature profiles near the wall 
 
The boundary layer can be seen in Fig. 3-21 as the area between the quenching gas 
and the solid to be quenched where the heat exchange takes place. 
After the streaming gas flow reaches the edge of the quenched surface, the 
boundary layer logarithmically increases with the streamed length on the surface as 
profiled in Fig. 3-21. 
Recirculating flows 
Recirculating flow is a particular case of flow separation. It occurs when the boundary 
layer leaves the area to where it was previously connected, and when the effect of 
adverse pressure gradient causes the reverse of the flow at this location. Separation 
induces the formation of eddies and vortices, as well as recirculating zones.  
Recirculating zones are presented in this work divided into two groups, depending on 
the size (micro and macro), and influence of the zones on the gas quenching 
process: 
- micro-recirculation, is the recirculation happening around single parts and 
characterized with smaller turbulence scales, as observed in simulative 
[Pel05], and experimental [Kay92] [Lio04] [Wib05] works (Fig. 3-22). The 
separation occurs at high turbulence in the front side of the impinged part, and 
features lower velocities at the rear side of the part, as depicted by the 
streamlines. 
- macro-recirculation, is the recirculation happening in the quenching chamber 
due to the blocking grade of the batch and other flow conditioning elements. 
While micro-recirculation does not harm the global stability of the gas flow as 
the scale of turbulence stays small, macro-recirculation often leads to 
unbalance in the heat treatment process, and requires technical improvements 
in order to lessen their influence [Lös03]. 
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Figure 3-22: Velocity distribution around a magnetically supported right circular 
cylinder aligned with the free stream, adapted from [Hig08] 
 
Impacting flow on cylinders 
Gas flow affecting heat transfer on cylinder has been widely investigated concerning 
the two main available configurations [Lho92]: transverse flow (characteristic for heat 
exchangers [Gni10c]), and axial flow (conventional gas quenching process [Lio04]), 
so that 
- a transverse flow occurs when the gas flow is transverse to the cylinder. For 
group of cylinders, correlations are given depending on the arrangement of the 
cylinders (through a varying tube arrangement factor Fa), in-line, 
             
           
or staggered, 
             
           
based on the Grimison approach [Kha06]. 
- an axial flow occurs when the gas flow is parallel or in a narrow angle of 
incidence to the cylinder. For group of cylinders, heat transfer is quantified as 
an analogy to a duct configuration, with the following Colburn correlations, 
similar to the Dittus-Boelter correlation [Lho92]:  
            
          
Due to the large recirculation occurring along the cylinder in axial mode (Fig. 3-22), 
heat transfer coefficients are usually lower in this configuration in comparison to 
transverse configurations [Hof92]. 
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Impinging/Jet flows 
Impinging flows are the product of single ducts/pipes, or array of nozzles, 
transporting a gas stream into a larger area where the stream expands and impinge 
onto a plate. The present application of impinging flow is limited to one fluid (the 
surrounding fluid is of the same nature as the impinging fluid) for heat treatment 
(supposing the plate having a higher temperature than the impinging fluid). A 
turbulent impingement jet flow occurs at Re > 100 [Sch10b]. 
As represented in Fig. 3-23, three characteristic regions are found when the flow 
impinges the plate: 
- the free jet, expanding and decelerating while mixing into the surrounding flow 
with dominating vertical velocity component until the free jet flow reaches the 
plate to convert into 
- the stagnation flow, characterized by increasing horizontal velocity 
component, and a stagnation point in the middle of the jet axis on the plate 
with high turbulences and low velocity. The stagnation flow horizontally 
expands in the form of a free jet decelerating along the wall; 
- the wall jet is quickly decelerating as it expands radially onto a broad surface; 
additionally, the surrounding fluid will undergo recirculation/entrainment due to the 
motion of the jet stream from the outlet of higher velocity. 
 
 
Figure 3-23: Development of a jet impinging flow normal to a plate with 
corresponding velocity profiles and characteristic dimensions, adapted from [Sch10b] 
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Correlations are found in the literature covering two categories of jet flows: single 
round nozzle (SRN), and single slot nozzle (SSN), as represented in Fig. 3-24 
[Sch10b]. In a delimited area r around the stagnation point 2.5 < r/D < 7.5; 
considering a ratio 2 < H/D < 12 and a turbulence range 2000 < Re < 400000, the 
Nusselt-number can be expressed in both cases as [Sch10b] 
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for a SSN in the range 2 < r/D < 25, 2 < H/D < 10 and 3000 < Re < 90000.  
A correlation is proposed by Krötzsch et al. [Sch10b] for arrays of round nozzles 
(ARN) in the form of 
          
            
where G relies on the dimension of the perforated plate (hole diameter and distance 
between holes), valid in the range 0.004 < f < 0.04, 2 < H/D < 12, and 2000 < Re < 
100000. 
 
 
Figure 3-24: Two configurations for an array of round nozzles (ARN), left; and 
representation of an array of slot nozzles (ASN), right, adapted from [Sch10b] 
 
 
 
(3-24a) 
 
(3-24b) 
 
(3-24c) 
 
(3-24d) 
 
 
  
(3-25) 
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3.4.2.2 Flow conditioners 
Flow conditioners aim at correcting the flow structure and patterns generated by the 
geometry of the batch and the quenching chamber. Flow inhomogeneity is the main 
reason of unbalanced cooling rates distributed in a batch, leading to hardness 
heterogeneities [Tro98] [Fri08]. Two types of flow conditioners are found in the 
literature: local ones, focusing on correcting the flow of single or few parts, and global 
ones, in the form of heat exchangers or perforated plates, for instance. 
Local flow conditioning 
Local flow conditioning implies to treat the workpiece almost individually, and can be 
in some cases assimilated to a nozzle-field heat treatment, as already described 
above [Sch04] [Ros06] [Kor16]. Solutions have been tested and simulated covering 
the technical implementation of flow conditioner in conventional, large batch of 
cylinders in a nozzle field arrangement [Fri08]. Individual constructive solutions for 
complex geometries demonstrate an enhancement of the quenching homogeneity 
and intensity due to the reduction of recirculative flows and increase in focusing flow 
on the surface of long gear shafts [Mac05] [Sch09].  
Various simulative works are found dealing with individual flow conditioners in batch 
gas quenching whereas no literature is found about such techniques in experimental, 
industrial heat treatment, due to the high pressure drop and relative increase in 
investment per part issues. 
Global flow conditioning 
Heat exchangers are fundamental devices in gas quenching processes as they 
maintain the temperature difference between quenched surface temperature and 
quenchant temperature which, combined to high heat transfer coefficients, ensures a 
high heat transfer between quenched workpiece and quenching medium. Several 
examples and correlations [Gni10a-c] covering heat exchanger technologies 
(geometry, fluid, and arrangement) are found to enhance the re-cooling of the fluid. 
Heat exchangers, however, strongly influence the flow structure, depending on their 
position before or after the quenching chamber [Tro98] [Ros06] [Fod07] [Cha08]. 
Situated before or above (in top-to-bottom flow configuration) the quenching 
chamber, pipe heat exchangers reduce the size of the large eddies developed during 
the recirculation while producing smaller eddies, which might be source of flow 
uniformity, corrected using perforated plates [Tro98]. 
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Literature about the influence of a perforated plate on the gas flow homogeneity is 
largely found in the field of electrostatic precipitators [Sah87] [Haq07] [Hou09] 
[Swa10] [Guo13], whereas the use of perforated plates in heat treatment gas 
quenching applications is less investigated [Lau98] [Tro98] [Lio04].  
The integration of single to multiple [Sah87] [Hon07] perforated plates in the 
circulating gas facility aims at [DeB57] [Lio04] [Swa10]  
- regulating the low-frequency velocity fluctuations by eliminating the 
recirculation eddies; 
- improving the flow uniformity, independent of the type of gas, caused by 
the reversed gas direction and mixing before the entrance; 
whereas their integration should avoid 
- too high pressure drops; 
- slowing down the gaseous flow. 
Perforated plates are characterized by their hole geometries, mostly defined by the 
diameter and shape (round, chamfer), and their holes distribution (use of various hole 
dimensions, distance between holes).  
The porosity (ratio of free to covered area) and the surface-to-plate distance are 
constructive parameters describing the application range of perforated plates 
[Sha01]. 
Positive results are mostly reported in the literature quoted above about the 
integration of perforated plates to uniformize gaseous flow velocity. Guidelines are 
described in order to select operative parameters for single to multiple perforated 
plates: 
- a better flow uniformity is reached by arranging the plates (inclination, 
distance from inlet/outlet), the proximity of the inlet increases flow non-
uniformity [Swa10]; 
- varying the dimension and distribution of the holes over a single plate 
brings better flow uniformity, compared to uniform distribution of same-size 
holes [DeB57] [Haq07]; 
- in heat treatment gas quenching, larger holes produce a slightly better HTC 
but a higher standard deviation [Lau98]; 
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- whereas perforated plates mostly influence low-frequency velocity fluctuations, 
uniform perforated plates demonstrate low uniformization effectivity at the 
peripheral region: perforating only the central region  (25% in the center, 
peripheral is free) is highly effective [DeB57]; 
- for uniform perforated plates, a minimal porosity of 40% is advised [DeB57]; 
- for two plates arranged normal to the flow, medium porosity provides better 
flow uniformity [Sah87]; 
- low porosity tends to diverge the flow to the peripheral area whereas high 
porosity produces a poor flow distribution, and high velocity in the center 
[Swa10]; 
Martin et al. [Sch10b] suggest three parameters to perform the optimization of 
perforated plates, as shown in Fig. 3-24:  
- the hydraulic diameter D of the nozzle, directly influencing the blocking grade 
of the perforated plate, thus the pressure loss caused by the plate to the 
system; 
- the nozzle-to-plate distance H, which is in most applications (not only heat 
treatment) the critical factor, as it relies on the vertical dimension of the 
process; 
- the nozzle-to-nozzle spacing LT, indirectly conditioning the blocking grade of 
the perforated plate in combination with the hydraulic diameter. 
Determining H from experimental and constructive considerations, the two other 
parameters offer the best heat transfer configuration, according to Martin et al.  
[Sch10b], when 
   
 
 
  
and   
    
 
 
  
Besides the hydraulic diameter, the shape of the orifices distributed on a perforated 
plate is also underlined when optimizing the heat exchange potential of it, as stated 
by Polat et al. [Sch10b].  
  
 
(3-26a) 
 
(3-26b) 
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Figure 3-25: Nozzle outlet shapes: pipe nozzle (left), -sharp- orifice nozzle (middle) 
and quadrant nozzle (also contoured contraction) (right), adapted from [Sha12] 
 
Figure 3-25 presents the categories of shapes for orifice of jet nozzles [Sha12]. For 
constant exit diameter D, the influence onto the flow structure if different as detailed 
in Tab. 3-4. The full dimension of the orifice mostly depends on the perforated plate 
shape (pipe nozzle occurs from Hplate ~ 10D, in case of a fully developed pipe flow). 
Zuckerman and Lior [Zuc06] summarize the effect of nozzle orifice shapes into  
Tab. 3-4, transposed below. 
For small H, nozzle-to-surface distance, interactions between single jets are strong. 
Jet-jet interaction covers the combination of the jet entrainment effect onto the 
neighboring jet in a fountain characteristic pattern as represented in Fig. 3-26. 
The interaction is set to significantly happen for LT < 4D, while the highest heat 
exchanges are found for LT ~ 8D, for confined array arrangement of nozzles (H/D = 
2) [Zuc06] [Zuc08]. 
For higher H, nozzle-to-surface distance H > 6D, and small nozzle-to-nozzle distance 
LT < 2D, which is often the configuration found for perforated plates, the jet-jet 
interaction is characterized by strong shear-layer interaction. 
 
Table 3-4: Effect of the nozzle outlet shape onto the flow, adapted from [Zuc06] 
Nozzle type 
Initial 
turbulence 
Free jet 
shearing force 
Pressure 
drop 
Nozzle exit 
velocity profile 
Pipe High Low High Close to parabolic 
Sharp orifice Low High High 
Close to uniform 
(contracting) 
Contoured 
contraction 
Low 
Moderate to 
high 
Low Uniform (flat) 
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Figure 3-26: Jet-jet interaction producing a fountain flow in low H/D ranges,  
adapted from [Sch10b] 
 
Zuckerman and Lior [Zuc06] state that the combination of neighboring growing shear 
layers reduces the velocity gradient at the edge of the jet, reducing the turbulence 
generation furthermore. The effect of jet height and spacing of an array of nozzle is 
summarized in Tab. 3-5. 
 
Table 3-5: Jet height and spacing effect of an array of nozzles, adapted from [Zuc06] 
H/D Effect 
< 0.25 
Highly constrained flow, may have strong crossflow and high 
additional back pressure 
0.25 - 1.0 Fountain flow may greatly affect heat transfer in confined arrays 
1 - 2 
Mild fountain effects may occur. Minor turbulence generation.  
Flow will be affected by confinement wall, need to ensure a clear 
exit pathway 
2 - 8 
Shear layers may interact, need to maintain sufficient LT 
Best performance tends to lie in this range 
8 - 12 
Minimal confinement effect is overshadowed by nozzle type  
Need to ensure that neighboring jets remain separate 
> 12 
Confining wall does not influence flow, instead nozzle type and jet 
spacing dominate the flow field 
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Figure 3-27: Pressure loss vs. impact velocity for various perforated plate porosity (in 
percentage of “Open Area”), adapted from [IPA93] 
 
The benefits on the heat transfer provided by perforated plates in uniformizing and 
intensifying the flow velocity [Lio04], and generating turbulences [Mac05], have to be 
counter-balanced with the generated pressure loss in the gas quenching apparatus, 
requiring an additional expense in energy from the ventilator system (hence 
requesting additional process costs). 
Whereas the effect of the plate porosity over the pressure loss in the system can be 
evaluated in Fig. 3-27, according to standards from [IPA93], the impacting flow 
should ideally be perpendicular to the plate, and little subject to turbulences, to 
further reduce the overall pressure loss. 
 
3.4.3 Heat transfer in spray quenching 
3.4.3.1 Boiling phenomenon 
During quenching of hot metal specimens with a vaporizable liquid, whose boiling 
temperature is below the temperature of the specimen surface, the boiling 
phenomenon occurs. It consists of a succession of heat transfer mechanisms, from 
the formation of a vapor film at the surface of the hot specimen, breaking in a 
transitional phase, as the temperature decreases below the Leidenfrost temperature. 
For temperature below the Leidenfrost point, nucleate boiling takes place, 
characterized by high heat transfer at the surface specimen, rapidly decreasing to 
reach a convective heat transfer phase at lower surface temperatures. 
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Figure 3-28: Spray cooling schema and boiling curve ( ̇  = 10 kg/m
2.s), 
adapted from [Wen08] 
 
Figure 3-28 summarizes the phases of the boiling phenomenon in two curves, 
depicting both the heat flux ( ̇) and the heat transfer coefficient (α), according to 
[Wen08]. 
 
3.4.3.2 Correlations 
Various correlations offer the possibility to predict the heat transfer coefficient under 
specific conditions and according to a set of information depending on combinations 
of data connected to the quenchant and the quenched object. 
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Wendelstorf et al. [Wen08] introduce a correlation of the heat transfer coefficient 
(HTC) for spray quenching based on the temperature difference (ΔT) between the 
quenching medium and the quenched specimen, and the water mass flux ( ̇ ): 
         ̇  
            (
 ̇ 
 
)
 (      ̇ [  
    ̇ 
          
]      
        [      (
  
       
)])  
which evaluates the heat transfer coefficient in a tolerance interval. 
Puschmann et al. [Pus00] consider evaporation quenching (also named mist cooling 
due to the fine droplets) as a process inherent to parameters such as 
- the impingement density, 
- the droplet diameter, 
- the surface temperature,  
- and the impact of the air flow (twin-fluid nozzle configuration), 
and conclude that the heat transfer coefficient can take the following expression: 
      ̇             ̇   
               
where v is the droplet velocity and d the droplet diameter [Pus03]. 
In evaporation quenching, the impinging spray droplets completely evaporate at the 
surface of the quenched specimen, without generating a steam film, between liquid 
and specimen, as conventionally observed during the boiling phenomenon. Thus, the 
Leidenfrost phenomenon takes place only at the droplet scale level; hence heat 
transfer coefficients are more stable during the cooling phase, and take higher values 
compared to spray or film cooling for similar water mass fluxes (Fig. 3-29).  
Thereby the total heat flux can be substantially increased in comparison to 
conventional spray quenching techniques, using a minimum amount of quenchant 
[Pus03]. 
 
 
 
 
(3-27) 
 
  
 
 
 
 
(3-28) 
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Figure 3-29: Values of heat transfer coefficients for various water mass flux 
considering evaporation cooling, film cooling, and spray cooling at various gas 
pressures (pL), adapted from [Pus03] 
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4 Measurements and numerical methods 
4.1 Measurement conditions 
The present work and the results described in the next chapter have required a set of 
common characteristics to frame the investigations, according to the physical context 
of experimental limitations. Hypotheses are made about the quenching parameters 
described in the introductive chapter: 
- the investigated parts are set to small-sized (< 200 mm), simple (e.g., 
cylinder) and complex (e.g., bevel gears) geometries, commonly found in the 
heat treating automotive gas quenching industry; 
- the quenching medium is limited to air or nitrogen under standard velocity 
range for industrial application. The pressure is set to atmospheric pressure 
for sake of compatibility with the experimental setup, and extended to higher 
pressures in numerical simulations; 
- the quenching environment is limited to top-to-bottom quenching units, and 
batches whose size and dimensions have been detailed in Tab. 3-2 (Chapter 
3.2.6). 
 
4.1.1 Workpiece geometries and materials 
4.1.1.1 Geometries 
Industrial gas quenching applications mostly focus on gear technologies. From the 
characteristic geometries enumerated in Chapter 3.3.2, three specimen geometries, 
introduced in Tab. 4-1 (bevel gear, helical gear, and ring gear), have been 
manufactured according to the geometrical challenges that they create in gas 
quenching applications: 
- a bevel gear, whose head produces large recirculation zones harming the 
homogeneity of the heat transfer process; 
- a helical gear, whose teeth are subject to various quenching intensities, 
locally (along a single tooth) or globally (inside the batch). Additional flow-
controlling elements, such as flow ducts, help optimizing the heat transfer 
between the surrounding gas and the gear; 
- a ring gear, whose arrangement in a batch influences the distortion risks 
encountered by the thin-walled specimen. 
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Table 4-1: Workpiece geometries 
 
 
On the other hand, the two geometries in the bottom of Tab. 4-1 consist of forged 
geometries for automotive applications: 
- a stepped shaft whose geometry comprises a shaft section and a cup 
section, of smaller wall-thickness; 
- a common rail, smaller than the stepped shaft, and with a characteristic T-
shape. 
 
4.1.1.2 Materials 
In the case of the gear specimens, the material provides specific characteristics 
concerning the heat conduction inside the solid, in order to evaluate the integral heat 
transfer coefficient (over the whole geometry), by the means of temperature 
measurements inside the specimen. 
Table 4-2 (top) summarizes the materials of high heat conductivity, such as 
aluminum and copper alloys, that have been used to monitor the heat transfer 
coefficient under various experimental and industrial flow conditions. 
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Table 4-2: Workpiece materials 
 
 
Concerning the two forged specimen found in Table 4-2 (bottom), the specified 
materials are directly related to mass production process, and affect the successive 
manufacturing and heat treatment steps occurring after forging and quenching: 
- for the stepped shaft, the alloy 22MnSiCr-6-6-5 is a high-strength, ductile 
bainitic (HDB) steel, specifically developed for the forging of automotive parts. 
The alloy 36MnVS-6 is a ferritic-pearlitic, precipitation-hardening steel, 
whereas the alloy 18CrNiMo-7-6 is a case-hardening steel; 
- due to its smaller dimension, the common rail specimen only features the 
high-strength, ductile bainitic and the precipitation-hardening steels. 
 
4.1.2 Quenching units 
4.1.2.1 Investigated parameter 
Relevant parameters have been selected and exposed in Tab. 4-3 to describe 
conventional quenching situations for industrial applications: 
- the chamber geometry, set as the dimensions of the walls surrounding the 
quenched batch; 
- the workpieces, specific to the industry branch; 
- the gas type and operating pressure, 
- the gas velocity, 
- and the Reynolds number, all depending on the quenching unit technology.  
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Table 4-3: Investigated parameter ranges 
 
 
The ranges of velocities and pressures for the simulations in industrial applications 
have been chosen accordingly to the recent evolution of heat treatment gas 
quenching processes. Indeed, smaller, cost-saving technologies are leading the 
market with nitrogen-based recirculating units whose velocities and pressures remain 
respectively lower than 15 m/s at around 10 bar. At such conditions, a reduction of 
the gas pressure (decrease in quenching homogeneity) and velocity (decrease in 
quenching intensity) is compensated by improving the local control of the flow 
[Mac05] [Heu11b] [Kor16]. 
 
4.1.2.2 Gas quenching test chamber 
Several quenching configurations have been investigated. In order to validate the 
experimental and numerical methods, a quenching test chamber seen in Fig. 4-1 has 
been utilized, as described in [Sch07]. Design and construction of the test chamber 
aimed at giving optimal gas streaming conditions (aspect ratio close to 1) in 
comparison to conventional industrial gas quenching chambers [Mac05] [Sch09].  
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Figure 4-1: Test quenching chamber for the experimental investigation of batch 
distribution and flow conditioning, adapted from [Sch07] 
 
This experimental quenching chamber offers the space for the implementation of flow 
conditioners post- and past the charge, which can take the form of several layers 
featuring various part geometries. Experimental methods to assess flow and heat 
exchange properties have been tested and validated in the test-chamber. Numerical 
simulations have been validated using flow and heat transfer coefficient 
measurements performed in the test-chamber. 
The quenching conditions offered by the test-chamber (top-to-bottom flow direction, 
air flow at atmospheric pressure) are also found in the industry, in particular in the 
case of field of nozzles, for impinging flows onto the surface of a batch. 
 
4.1.2.3 Quenching unit Type A 
Gas quenching processes for a single batch layer (2-dimensional design), shown in 
Fig. 4-2, has been described in [Heu11b]. This process configuration (Type A) offers 
the possibility for complex, flat specimen geometries (for instance, helical gears) to 
be quenched with a minor loss in end-quality, that is, low distortion and 
homogeneous microstructure.  
Compared to a standard, multi-layered 3-dimensional batch, a 2-dimensional, single-
layer batch is limited to small, flat specimen geometries, but leads to a significant 
reduction of the dimension of the quenching chamber. The coupling with a multi-zone 
furnace provides lower cycle times than conventional gas quenching processes, thus 
reducing production costs [Heu11b].  
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Figure 4-2: Inner view of a 2-dimensional, single-layer batch chamber (left) from a 
top-to-bottom gas quenching unit (right), Type A 
 
An inner view of this 2-dimensional quenching chamber is provided in Fig. 4-2 (left), 
where the top-to-bottom flow is indicated. Three planes for flow investigation have 
been defined, perpendicular to the gas flow. The gas typically flows through the heat 
exchanger, reaching Plane 1 in the quenching chamber in a cooled state. 
The cooled gas then passes through a perforated plate situated above the batch, 
whose top plane is defined as Plane 2, then flowing through the charge to reach the 
charge carrier (Plane 3), splitting afterwards into the reduced chamber section to be 
recycled. In order to optimize the flow pattern for the 2-dimensional batch-type 
quenching process described above, the gas flow was investigated with various 
mechanical structures at the three different measurement planes. 
 
4.1.2.4 Quenching unit Type B 
The 3-dimensional, top-to-bottom flow quenching chamber (Type B) is detailed in 
Fig. 4-3, coupled with a vacuum furnace. Compared to the test chamber (Fig.4-1) 
and the Type-A chamber (Fig. 4-2), the gas recirculation takes only place on one 
side. Various specimen geometries can be quenched in this quenching chamber, due 
to the possibility to arrange the batch in multiple layers, with the example of bevel 
gears, distributed in the batch carrier (Fig. 4-3, left). Three investigation planes are 
defined in a similar way than in Fig. 4-2, below the heat exchanger (Plane 1), above 
the batch (Plane 2), and above the charge carrier (Plane 3). 
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Figure 4-3: 3-dimensional, multiple-layer batch chamber (left) of a top-to-bottom gas 
quenching unit (right), Type B 
 
4.1.2.5 Flow conditioning solutions 
Implemented on the three chamber types previously detailed, flow conditioning 
solutions take the form of: 
- the heat exchanger, consisting of the walls surrounding the heat exchanger 
tubes bundle; 
- perforated plates; 
- and cylindrical flow ducts; 
in the present work. 
The standard shell surrounding the heat exchanger tubes bundle creates an 
unbalanced room between the tubes located near the wall and the shell, thus leading 
to heterogeneously distributed velocities, specifically at the edge of the quenching 
chamber. The adapted shell in the Type A quenching unit aims at correcting the 
unbalance by harmonizing the room between the tubes and the wall to obtain similar 
free areas for the flow at both sides, as seen in Tab. 4-4. Whereas the test chamber 
does not include a heat exchanger, no data has been provided for the heat 
exchanger implemented in the Type B quenching unit. 
Perforated plates (with designation RvD-L, with D for diameter and L for length) are 
implemented below the heat exchanger of the Type A quenching unit (with adapted 
shell) to homogenize the velocity distribution above the quenched batch.  
 
82 
 
Three configurations (including two different plates) have been experimentally 
evaluated, and confronted to extended computed configurations such as 
- a variation of the porosity from 22 to 100% at a constant perforated hole 
diameter of 10 mm; 
- a variation of the perforated hole diameter from 8 to 12 mm at a constant 
porosity of 40%; 
- a variation of the perforated hole diameter distribution from 8 to 16 mm at a 
constant porosity of 40%; 
to find out the best solution to homogenize the flow. 
The third flow conditioning approach investigated have seen cylindrical flow ducts 
utilized to fit the space around helical gears (of diameter 120 mm and thickness 30 
mm), and focus the gas flow along the teeth.  
The dimensional parameters of the investigated flow ducts are 
- a diameter between 130 and 160 mm; 
- an overall length L from 30 to 200 mm; 
- and a length above the gear l from 0 to 60 mm. 
 
Table 4-4: Flow conditioning parameters 
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4.2 Flow measurements 
Flow measurements are herein covered for a subsonic, incompressible flow. A 
combination of measurement techniques, using Pitot and Prandtl tubes (single to 
multiple holes), and joule-heating via hot-wire anemometry, is used to evaluate 3-
dimensional flow characteristics (velocity and turbulence). Through the use of 
automated multiple-axis positioning systems, velocity and turbulence distributions 
can be evaluated covering 1- to 2-dimensional areas. 
 
4.2.1 Pressure probes 
Pressure-based flow measurements use a minimum of two-point evaluation to 
compare the state of ambient pressure and dynamic pressure of the flow. Whereas 
the Pitot tube requires the use of a static element measuring the ambient pressure, 
the Prandtl measurement system features the two elements to directly provide the 
relative pressure, hence the velocity information of the flow [Nit06].  
Figure 4-4 shows the 7-hole pressure probe, with a detail of the distributed holes and 
the decomposition of the main direction in the coordinate system of the probe, seen 
on the right. The 7-hole pressure probe allows the measurement of velocities and 
turbulences in a 70° incidence angle [Eve83]. The incidence angle varies, depending 
on the amount of pressure measurement points (5 to 12). The measurement 
frequency is limited to 100 Hz for this measurement technique, due to the 
constructive elements and dimensions failing to capture smaller velocity fluctuations. 
In this scope, 100 Hz has been used as the standard measurement frequency. This 
value is satisfactory to measure turbulence scales above 10 cm, which is appropriate 
for macro (chamber) or meso (batch) levels in gas quenching applications. 
 
 
Figure 4-4: Description of the 7-hole pressure probe (source: Aeroprobe Inc.) 
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The velocity is derived from the sensor measurement of the relative pressure using 
the Bernoulli equation,  
 
 
  
         
Temperature correction is implemented into the velocity calculation via the ideal gas 
equation 
           
where the velocity can be derived to the form 
  √
          
 
   
with R the universal gas constant. 
 
4.2.2 Hot-wire anemometry 
Hot-wire anemometry is the quantification of the velocity and fluctuations of a flow 
using a thin metal wire exposed to the flow stream. The energy spent to maintain it at 
a constant temperature is measured. This indirect technique to measure velocity is 
also named constant-temperature anemometry (CTA), depicted in Fig. 4-5. 
As previously introduced, the turbulence grade can be derived from the standard 
deviation of the velocity at high-frequency measurements. The CTA system can work 
in ranges between kilo- and mega-Hertz, thus allowing finer measurements of 
turbulences at micro-scale, compared to pressure-based sensors. 
As seen in Fig. 4-5, a thin wire (commonly few micrometers of tungsten) is connected 
between two tips, and coupled to a Wheatstone bridge maintaining it to a 
temperature greater than that of the streaming fluid, where the energy spent to 
maintain this temperature constant is monitored at the same time.       
The heat-equation equilibrium leads to a linear relation between the temperature of 
the sensor and the electric resistance. Neglecting the effect of thermal radiation and 
the thermal conductivity in the two tips holding the tungsten wire, the heat balance is 
expressed as 
  
  
            
where every term, except the voltage depending on the heat transfer occurring 
around the wire, is supposed constant. 
 
 
(4-1) 
 
 
(4-2) 
 
 
(4-3) 
 
 
(4-4) 
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Figure 4-5: Representation of constant-temperature anemometry (right) with a closer 
view of the streamed wire and its heat balance (left), adapted from [Nit06] 
 
The convective heat flux of the wire surrounded by the gas flow is expressed by the 
relation between the dimensionless constants Nusselt and Reynolds number as 
described below, 
            
   
where A0 and B0 are geometrical and material properties involving the gas flow and 
the wire. The relation between electric voltage and gas flow velocity can be derived 
so that 
           
depends on the constants described previously, where n ~ 0.5 [Nit06].  
Considering the dimension of the system and the material properties,  
    
   
 
 
  
 
      
   
       
  
 
     
which confirms the laminar properties of the flow in the case of the streamed 
microscopic tungsten wire. 
 
4.2.3 Measurement setup 
Fluid velocity measurements inside of a quenching apparatus are carried out using 
hot-wire anemometry and 7-hole pressure probes. A control system, using Virtual 
Instruments (VIs) from the tool-box Labview (National Instruments), has been 
designed in order to operate a positioning system. It communicates with the 
acquisition card from the measurement tool, and collects the data/information during 
the measurement. 
 
(4-5) 
 
 
(4-6) 
 
 
(4-7) 
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The solution is detailed in Fig. 4-6, highlighting the various devices and 
communication ways. The designed system allows high reproducible experiments 
and flexibility for the operator who can perform flow measurements over a 2-
dimensional area.  
Control loops written in Labview operate the two motors of the positioning system, 
where the probe is fixed. The flow information acquired by the probe are collected 
and analyzed by the pressure sensor, also operated using a Labview loop. 
The system has been designed and validated in the test-chamber, and has been 
operated in the two industrial quenching chambers at high velocity gas flow, limited to 
atmospheric pressure conditions. 
 
 
Figure 4-6: Communication between devices for the 2-axis positioning system, 
measurement and acquisition of velocity information in quenching apparatus 
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4.3 Heat transfer measurements 
4.3.1 Temperature measurement 
4.3.1.1 Contact temperature measurement 
Thermocouples provide contact temperature information using the electrical 
properties of materials via the Seebeck effect. Figure 4-7 shows the two connected 
metal wires in contact with the surface of the investigated object. The conductive 
material is undergoing a temperature difference, which is electrically quantified 
between the two metals. 
Various metal combinations provide specific temperature ranges that can be 
monitored, as well as properties (corrosion-resistance for instance) for the 
thermocouple. The combination Nickel-Chrome/Nickel (under the denomination type 
K) has been utilized in the present work, offering a temperature measurement range 
from -270 °C up to 1372 °C. 
The time-constant of a thermocouple is directly proportional to the diameter of the tip, 
with values in the present work ranging from 0.8 second (for 0.5 mm diameter) up to 
2 seconds (for 1 mm). 
 
4.3.1.2 Remote temperature measurement 
Thermography offers the possibility to perform distant, superficial temperature 
measurements on specifically treated surfaces in a large temperature range. This 
technique also provides higher measurement frequencies than those when using 
thermocouples (50 Hz versus 1.25 Hz). The measurement of the radiative emission 
of the warm body in the infrared range reduces the potential interference of the 
environment.  
 
 
Figure 4-7: Description of a thermocouple (TC), evaluation the surface temperature 
(Ts) using a temperature reference (Tref) 
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A test setup has been created to compare measurement techniques involving the 
sensors seen in Fig. 4-8a. The thermal camera has monitored a copper cylinder with 
various heat flux probes glued onto its surface. The Omega probe has a reduced 
influence on the local heat transfer during thermography measurement, as this probe 
is made of a transparent surface. The reflection of the object still affects the 
temperature measurement. The lower emissivity of the Captec probe (copper 
surface), however, proves the limit of the optic measurement technique, providing 
wrong information about the surface temperature. 
 
4.3.2 Heat transfer coefficient measurement 
The present work features two ways of measuring the heat transfer coefficient in heat 
treatment gas quenching: direct measurement through contact with the surface of the 
object and quantification of the heat flux; and indirect measurement, based on the 
cooling curve of the whole body, or a section of it. 
 
4.3.2.1 Direct heat transfer measurement 
The calculation of local heat transfer coefficients can be carried out by measurement 
of the heat flux at the surface of the object, using the heat flux probes represented in 
Fig. 4-8a. 
The heat transfer coefficient can then be derived from the heat flux and temperature 
measurement at the surface of the object using the relation 
  
 ̇
       
    
Heat flux measurements at the object surface are carried out by the Captec and 
Omega sensors represented in Fig. 4-8a. The sensors are glued on the surface using 
thermal conductive material. The dimension of the sensor has a direct influence on 
the error factor during heat flux measurement. The bigger the surface, the more 
precise the measurement is, for a constant distributed heat transfer. Complex 
geometries cannot offer those conditions, thus compromises are needed concerning 
the dimension of the sensor.  
 
(4-8) 
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Figure 4-8a: Glue-on probes from the companies Captec (left), Dantec (center) and 
Omega (right) for the quantification of heat transfer via hot wire and superficial heat 
flux and temperature measurements 
 
The Captec sensor, seen in Fig. 4-8a (left), has a 5 x 5 mm² minimum dimension, 
where the heat flux is determined by temperature measurements at the two sides of 
the sensor (Fig. 4-8b), and calculation of the heat flux based on the known calibrated 
thermal barrier between the two surfaces. 
The Omega probe offers a larger surface, thus less adapted to complex geometries. 
With multiple thermocouple connections at the two sides, the Omega probe however 
provides a greater precision than a Captec probe with similar surface. Both solutions 
integrate a thermocouple on the surface side, for measurement of the wall 
temperature. 
As detailed previously, hot-wire anemometry also provides information on the heat 
transfer coefficient using the 0.9 mm-long tungsten wire, maintained at constant 
temperature. 
 
 
Figure 4-8b: Quantification of the heat transfer coefficient of a surface at temperature 
Ts, from a gas of temperature Tf, using heat flux measurement by a probe of area A 
and thickness e 
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Figure 4-9: Glue-on probe for the velocity quantification in separation flows, also 
utilised for the measurement of heat transfer at the surface of the object (source: 
Dantec Dynamics) 
 
Hot-wire anemometry is also utilized to directly quantify the heat transfer, as seen in 
Fig. 4-9, with glue-on probes, where the heat transfer at the surface of the 
investigated object can be also measured. Such a technique offers an accurate and 
non-perturbing solution for the measurement of heat transfer coefficients, however 
requesting an initial, in-situ calibration. 
Hot-wire anemometry features a less precise, more affordable way of quantifying the 
velocity in gas flow, and has been employed in the present work to verify 
measurements of pressure-based techniques. 
 
4.3.2.2 Indirect heat transfer measurement 
The lumped-capacitance method (LCM) is based on the assumption that: 
       
According to the previous assumption, the thermal conduction in the workpiece is far 
greater than the heat transfer on the surface, in proportion to the characteristic length 
of the workpiece. Assessing the heat equilibrium in a workpiece: 
 ̇     ̇      
              
  
  
  
for quenching involving small heat transfer coefficients, thus when the assumption of 
a lumped-capacitance is verified, the heat transfer coefficient can be temporally 
integrated so that 
  (
        
        
)   
  
    
    
 
(4-9) 
 
 
(4-10a) 
(4-10b) 
 
 
(4-10c) 
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Integral heat transfer coefficients can therefore be obtained even for complex 
geometries, knowing the functional surface A, the volume V, the density  , and the 
specific heat capacity at constant pressure    based on a single temperature 
measurement in the specimen over the time. 
 
4.3.3 Measurement setup 
The automated positioning system, described in Chapter 4.2.3, has been extended 
for the measurement of heat transfer coefficients, using the integral method over an 
axially streamed copper cylinder (Temperature probe) represented in Fig. 4-10. 
The complete control (positioning system and heating of the probe), communication 
and data acquisition (temperature of the probe and quenchant) is also operated by a 
Virtual Instrument.  
 
 
Figure 4-10: Communication between devices for the positioning, measurement, and 
acquisition of heat transfer coefficients using a cylindrical copper probe 
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4.4 Microstructure evaluation 
Quenching strategies need to be designed and optimized based on the assessed 
material and mechanical properties, allowing a re-adjustment of the gas flow 
parameters influencing the heat exchange. 
The present work features property validation based on hardness and microscopic 
validation based on examination (light, electron microscopy). Both are destructive 
tests in the way that the probe requires a preparation phase involving the partial 
destruction with additional local pre-treatments (polishing, chemical solution). The 
tests are necessary to provide the state of microstructure inside the probe, at various 
scales.  
 
4.4.1 Hardness 
Hardness is the mechanical ability of a material to resist to a punctual or superficial 
plastic deformation. The hardness of an object is quantified (Fig. 4-11) using the 
depth of an indentation made by tools of various standardized geometrical shapes, 
under specific load and application rate. The harder the surface, the less depth an 
indentation will produce. 
 
 
Figure 4-11: Comparison of several hardness scales, adapted from [Cal07b] 
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Compared to other mechanical tests, hardness tests have the advantages of being 
simple to set-up and affordable, while involving light deformation of the surface of the 
material. It is possible to roughly estimate the tensile strength of the material from the 
hardness information under certain conditions [Cal07b]. 
The hardness scale is presented in Fig. 4-11 for conventionnal materials and heat 
treated steel grades, in the case of different measurements techniques (Knoop, 
Rockwell B and C). 
 
4.4.2 Microscopy 
4.4.2.1 Light microscopy 
Light microscopy (LM) is typically used to observe the microstructure (grain size, 
boundaries, and regions of various material phases) by combining optical and 
illumination elements. Computer-assisted image post-treatment enhances the quality 
of the examination, and improves the microstructure diagnosis. 
Abrasive papers and polishing techniques are used to prepare the probe, so that the 
investigated surface reaches a low roughness and high polished quality. The 
microstructure regions are revealed during the etching phase where chemical 
reagent is applied to the surface of the probe. 
 
4.4.2.2 Scanning electron microscopy 
In scanning electron microscopy (SEM) techniques, an electron beam is used to scan 
the probe and collect the scattering information of the surface of the specimen. The 
material should offer electrical conductivity to permit the use of SEM, which provides 
deeper and finer information about the microstructure properties than light 
microscopy technologies. 
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4.5 Numerical modeling and simulation 
4.5.1 Computational fluid dynamics (CFD) 
Numerical simulations are performed in order to support experimental work through 
extrapolated experimental conditions. Simulations offer the possibility to design 
experiments at various scales, and to decouple the phenomena involved during gas 
quenching processes. The fluid dynamics are thus modeled with the heat transfer 
mechanisms at micro, meso, and macro-scales. 
Numerical simulations require a compromise between the computing power capability 
and the accuracy of the model in order to provide satisfying results. 
 
4.5.1.1 Fluid motion 
Before discretizing the definition of the problem according to the contextual spatial, 
temporal and physical environment, the momentum conservation/Navier-Stokes 
equation, governing the fluid motion is expressed under the form  
 (
  
  
        )                             
Solving the equation requires high computational performances for resolving 
turbulence levels of through DNS (direct numerical simulation).  
In order to model phenomena under higher turbulences or including more complex 
geometries, empirical truncations are utilized using RANS-(Reynolds-averaged 
Navier-Stokes) modeling, where the physical transport of mass, momentum and 
energy are computed in the form of the addition of the accumulation (time), 
convection (velocity) and diffusion (gradient) terms, eventually related to source 
terms (  ,   ) in specific cases.  
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4.5.1.2 Turbulence modeling 
Several turbulence models exist to resolve the derived Navier-Stokes equations with 
increasing complexity, needing more empirical inputs or computational performance. 
Zuckerman and Lior [Zuc06] did classify turbulence models for heat transfer 
application in impinging gas jet problems according to their effectivity and 
computational cost. In Tab. 4-5, the effects of turbulence models are demonstrated 
for the computation of heat transfer problems [Zuc06]. 
 
Table 4-5: Comparison of CFD turbulence models for impinging jet problems in terms 
of computational cost and accuracy, adapted from [Zuc06] 
Turbulence 
model 
Computational cost 
(time required) 
Impinging HTC 
prediction 
Secondary peak 
prediction 
k-epsilon **** (low cost) * (poor) * (poor) 
k-omega **** (low moderate) ** (poor-fair) ** (poor-fair) 
Realizable k-
epsilon 
**** (low) ** (poor-fair) ** (poor-fair) 
Algebraic stress 
model 
**** (low) ** (poor-fair) * (poor) 
Reynolds stress 
model 
** (moderate-high) * (poor) ** (fair) 
Shear stress 
transport (SST) 
*** (low-moderate) *** (good) ** (fair) 
v2f *** (moderate) **** (excellent) **** (excellent) 
DNS/LES * (extremely high) 
**** (good-
excellent) 
**** (good-
excellent) 
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RANS-modeling 
In order to close the set of equations defined by the Navier-Stokes system above, the 
Reynolds stress-tensor has to be modeled. RANS-modeling satisfies this closing 
requirement using a 2-equation empirical turbulence system. Among the regular 2-
equation turbulence models found in the literature, the k-omega-SST model offers a 
better solution for heat treatment applications, as mentioned in the literature dealing 
with industrial heat transfer phenomena [Men03a] [Zuc06] [Men09]. 
k-omega SST 
In the conventional k-omega turbulence model [Men03b], two coupled transport 
equations, for the turbulent kinetic energy k, and the dissipation ratio omega, are 
solved. The extension of the k-omega model to a shear-stress transport model (k-
omega-SST) offers a combination of the advantages brought by the conventional k-
epsilon turbulence model in the free stream, whereas the k-omega model is applied 
only near the wall. The transition from one model to the other depends on the 
distance from the wall defined by the non-dimensional wall-distance y+. Wall-
functions are utilized [Men03a] in the case of the k-omega turbulence model to 
reduce the influence of the mesh refinements on the computational precision, 
especially in the case of heat transfer. 
 
4.5.1.3 Heat transfer modeling 
In the application of CFD-simulation for heat treatment, the quenching environment 
consists of the quenching chamber or gas supply, eventual flow conditioners or heat 
exchangers, and the charge to be quenched. Whereas inlet/outlet and transitional 
zones usually require a specific mesh refinement to ensure the convergence of the 
numerical scheme and the quality of the results, the area near the charge specifically 
requires a finer mesh to provide reliable data concerning the heat transport between 
the quenchant and the specimen. 
Boundary layer 
In the case of complex geometry modeling, the non-dimensional wall-distance y+ may 
strongly vary from one area to another, thus producing non-physical heat transfer 
gradient. The regions near the wall, where the viscous forces dominate and produce 
the boundary layer, are seen in Fig. 4-12.  
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Figure 4-12: Relation between the non-dimensional velocity u+ and the non-
dimensional wall-distance y+ for various turbulence models using the SST 
formulation, with the corresponding regions of the buffer layer, adapted from [Men09] 
 
In order to improve the results of the heat transfer simulation for complex geometries 
in CFD, wall-treatments are applied, as described in Menter et al. [Men09], to bridge 
the viscous (low-Re-modeling) and logarithmic (high-Re-modeling) areas of the 
boundary layer that are not satisfyingly computed.  
The temperature correlation shown below, depending on the  -function from Kader 
[Kad81], is similarly applied for various physical values, and provides a blending 
function to allow the smooth transition between the regions of the boundary layer on 
the complex geometry [Men03b].  
    
  
           [                   ]    
 
 ⁄   
  
            
         
  
Mesh refinement 
The refinement of the mesh generated from the ground geometry (batch including 
quenching chamber) is required to offer a realistic physical environment to the 
computed flow. Grid independency tests are performed in the case of impinging gas 
quenching to determine the level of precision of the mesh that provides satisfying 
heat transfer conditions using the conjugate heat transfer solver. 
 
(4-13a) 
(4-13b) 
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Figure 4-13: Refinement level evolution in the case of impinging gas quenching onto 
a helical gear specimen 
 
Figure 4-13 presents the influence of the mesh and the local surface refinements of 
the quenched object on the first cell spacing from the surface of the solid, y+. 
Whereas the influence of the local grid size is demonstrated in Fig. 4-13 (right), with a 
linear trend between an increase in refinement level with a decrease in mean value of 
y+ (from a coarse grid to higher refinement levels), local increases in y+ are produced 
by the geometry variations of the helical gear specimen itself. 
Both local and global variations of the y+ values require a specific near-wall treatment 
responding to these variations in the heat transfer results, so that various specimen 
geometrical complexities can be numerically investigated. 
 
4.5.1.4 CFD in OpenFOAM 
Since its first open source release in 2004, the C++ library OpenFOAM has widely 
spread into the research and development community for computational fluid 
dynamics applications. The latest versions proved their effectivity for industrial case, 
and OpenFOAM is now a reliable alternative to commercial software solutions. 
Through its highly tweakable interface, with its own coding language operating the 
C++ library in the background, and the GUI paraView besides, OpenFOAM benefits 
from bash-coding to run simulations and analysis routines, as well as further 
optimization coupling techniques. 
Figure 4-14 presents the organization of a basic OpenFOAM solver 
solidDisplacementFoam extended for the computation of transient heat transfer 
problems. 
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Figure 4-14: Folder tree of a simulation case involving the solver 
solidDisplacementFoam with heat transfer equation translated in C++-oriented 
OpenFOAM language 
 
From the main folder named according to the simulation project, three sub-folders 
define the pre-processing and the solver information to perform the simulation. 
Pre-processing 
Geometry, regions definition, and boundary conditions are distributed in the different 
sub-folders of an OpenFOAM case to set up the simulation: 
- the folder 0 contains the physical values in single files (in Fig. 4-14, for 
instance, the temperature field T and the displacement field D into the body). 
The solver reads the information in each file (boundary conditions), and write 
into the folder case a new folder corresponding to the iteration (arbitrary or 
temporal) of the initial 0 folder; 
- the folder constant gathers the simulation information that will only be read at 
the beginning of the simulation, geometry, regions, and their properties, as 
well as physical constants, type of turbulence, or gas modeling. The basic 
geometry in OpenFOAM is generated using a dictionary, blockMeshDict that is 
read using the blockMesh tool to convert points coordinates into discretized 
hexahedral mesh (points, vertices, faces, and finally boundaries).  
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Additional modifications of the mesh, with e.g., integration of external .stl 
complex geometries, can be performed using the tool snappyHexMesh that 
converts the hexahedral mesh into a tetrahedral mesh if more complex 
geometries have to be meshed inside the original mesh; 
- the folder system provides the information about the method to solve the 
case. The solver name is mentioned in a control dictionary, controlDict, where 
information stands about additional libraries to be used (modified turbulence 
modeling for instance), the iteration information, and the time-step to record 
into the case folder. The files fvSchemes and fvSolution respectively define 
the numerical method for the solver to perform the simulation, e.g., transient or 
steady-state, first- or second-order upwind, etc, and the relaxation factors of 
the parameters. Various options (e.g., to split the computation between cores, 
or to perform post-processing sampling tasks) are also defined in the system 
sub-folder. 
Solver 
Solvers are defined in OpenFOAM as a library of C++ language, as seen in the case 
of transient heat transfer in Fig. 4-14 (bottom, right). There, the temperature volume-
scalar field T is solved using the heat balance between heat conservation and 
temporal distribution in the body. The temperature conductivity is used in the C++ 
code as physical constant values for the material properties described on the left. 
The finite-volume method is utilized in this case of transient heat transfer in a solid 
body. 
For conjugate heat transfer problems involving fluid dynamics, the basic solver 
chtMultiRegionFoam has been modified to allow the calculation of the heat transfer 
coefficient based on the heat flux calculated on the wall between the fluid and the 
solid region(s). 
The solver proceeds as follow: 
- the Navier-Stokes equations are first resolved in the fluid area using the 
previously defined turbulence model and SIMPLE algorithm (Semi-Implicit 
Method for Pressure-Linked Equations), iteratively solving both pressure and 
velocity equations in steady-state cases. Transient cases require Pressure-
Implicit operators, thus PISO or PIMPLE algorithms. Depending on the mesh 
definition, non-orthogonality correctors might be needed.  
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Moreover, additional „correcting‟ steps and stabilization methods (solution 
under-relaxation factors, geometric algebraic multi-grid -GAMG-) can also be 
utilized; 
- once the energy equation is resolved, the temperature distribution inside the 
fluid area is set, related to the temperature surrounding the solid. A FVM 
solver evaluates the temperature inside the solid, using the Fourier equation. 
- the heat transfer coefficient is calculated when both temperature fields are 
available before iterating. 
Post-processing 
OpenFOAM offers the external platform ParaView through command lines to 
visualize the outputs of the simulation, which are different lists of physical values 
attributed to locations in the mesh (e.g., cell-centers, points, faces). Various post-
processing functions exist (sampling/averaging of a surface) to evaluate additional 
properties of the simulation results. 
 
4.5.2 Transient heat transfer 
Transient heat transfer in the finite-volume modeling of 3-dimensional, complex 
geometries is carried out using the implementation of the Fourier heat equation 
balancing the heat contained in a solid, and its temporal and spatial diffusion (with 
possible existing heat sources),  
   
  
  
          ̇ 
The velocity of the heat diffusion of the solid (to or from its boundaries) is governed 
by the convective effect of the heat transfer coefficient, expressed using a 3rd order 
mixed (or Robin) boundary condition on the surface of the complex geometry.  
 
4.5.2.1 Transient heat transfer in OpenFOAM 
Heat exchange is defined at the surface of the solid as 
 
  
  
            
Vilums [Vil11] details the implementation of the 3rd order boundary condition of the 
form for the heat exchange described above in OpenFOAM. The validity of the solver 
modification has been tested on a simple setup involving an aluminum plate during 
forced convection from an impinging jet, using the commercial software Comsol 
Multiphysics 3.4. 
  
(4-14) 
  
(4-15) 
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Figure 4-15: Validation of the OpenFOAM (OF) implementation of transient heat 
transfer with experimental configurations and the commercial-available solver 
(Comsol) 
 
Figure 4-15 compares experimental and simulation methods for the heat transfer 
coefficient evaluation at the center of an aluminum plate quenched using an air 
nozzle from the company Bete (XA ef – pneumatic atomizing nozzle). The 
experimental and both simulation results, using commercial (Comsol) and non-
commercial (OpenFOAM) solvers, produce similar cooling curves, validating the use 
of the solvers for impinging air quenching techniques. 
 
4.5.3 Pre-treatment and boundary conditions 
4.5.3.1 Geometry modeling 
Single specimen modeling 
The complex specimen geometries are modeled based on characteristic geometries 
found in heat treatment gas quenching processes, as seen in Tab. 3-2 (Chapter 
3.2.6), divided into three main categories: shafts (bevel gears), flat parts of high 
blocking grade (helical gears), and flat parts of low blocking grade (ring gears).  
The boundary layer has to be carefully meshed around the complex geometry, as 
represented in Fig. 4-16. The complex modeling of a bevel gear is represented with 
y+ values (first wall adjacent grid node), for the bevel gear streamed from the head 
(left side). 
Figure 4-16 exhibits the range of y+-values, from values located in the viscous layer 
(y+ < 2), to values belonging to the blending area (y+ > 5). The range is produced by 
a combination of a fine mesh added to the velocity fluctuations around the gear. 
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Figure 4-16: Distribution of the y+ value at the first wall adjacent grid node of the 
surface of a bevel gear streamed from the head side 
 
Model simplification 
Simplifying the bevel gear model (as in Fig. 4-16, top) spares a large amount of cells 
when modeling batch of several workpieces, and allows additional refinement levels 
in other areas of the quenching chamber for further geometrical integrations. A too 
coarse geometry might however disturb the flow and produce unwanted higher heat 
transfer coefficients [Mac05] [Buc14a].  
The simplified model of the bevel gear, featuring a non-geared head pictured in Fig. 
4-16 (top), succeeds in capturing the global trend of the heat transfer coefficient 
distribution along the gear [Buc14a]. The gas flow streaming produces a high heat 
transfer at the head surface, which largely decreases behind the head, in the 
recirculation area. The re-attachment point is in all cases similar and located at the 
geared shaft on the tail side, with however various intensities of heat transfer. In all 
cases, the heat transfer decreases along the shaft, up to the tail of the gear. 
 
Chamber modeling 
Simulations have been performed, modeling the flow in the test quenching chamber, 
and both industrial quenching chambers. A typical design of the chamber mesh is 
seen in Fig. 4-17. Figure 4-17 (left) presents a densified area for the mesh, which is 
where the perforated plates are located, to allow a fine modeling of the plate single 
holes. 
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Figure 4-17: Meshed geometry (left), and implemented components with flow 
characteristics (right) of the quenching chamber 
 
Figure 4-17 (right) describes the boundary conditions of the inlet, at the top of the 
chamber, which consists in a realistic modeling of the flow conditions from the heat 
exchanger: 3-dimensional velocity and turbulent kinetic energy components have 
been measured, and the missing data have been interpolated to allow the 
implementation of the distributions into the simulation. 
Flow conditioners are seen in Fig. 4-17, such as perforated plates and charge carrier, 
separately integrated to the mesh as single geometrical data (.stl). The batch made 
of single workpieces is also separately integrated above the charge carrier. 
 
4.5.3.2 Inlet boundary conditions 
In the simulation of one-directional gas quenching processes, the velocity inlet 
boundary conditions play a major role on the flow patterns and heat transfer issues 
during the simulation, besides the turbulence modeling and the pressure outlet 
boundary conditions. 
In the present work, realistic velocity and turbulent kinetic energy distributions, in 3-
dimension, have been taken into account through measurements in the investigated 
quenching chambers. Measurements have served the production of velocity and 
turbulence distributions in a 1024-point-resolution, covering a large portion of the 
functional area of the quenching unit, normal to the stream flow. The influence of the 
positioning system on the incoming flow has been numerically quantified, and had no 
major influence on the measurement system it supported. 
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Values from the calculated velocity and energy distributions have been interpolated 
to fit the measured distributions into the quantitative (mesh resolution), and 
qualitative (wall refinements) numerical grid, to perform the computational simulations 
with near-real flow conditions. 
 
4.5.3.3 Material boundary conditions 
For transient heat transfer simulations at high temperature (e.g., austenizing around 
1200 °C), material properties (e.g., density or thermal conductivity) are depending on 
the temperature. For instance, in the case of the ferritic-pearlitic steel used during 
forging (38MnVS6), those values are significantly varying (between 10 and 50% for 
   = 1000 °C) [Fis14]. A temperature-depending interpolation of the material 
properties (with data initially taken from [Fis14]) is therefore necessary to model 
realistic physical phenomena. 
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4.6 Methods validation 
4.6.1 Velocity 
Wind channel configurations (Fig. 4-18, left) have been tested for the validation and 
calibration of the glue-on, heat flux/heat transfer coefficient sensors, as described in 
[Sch13]. A copper specimen has been transversally and axially streamed over to 
compare with measurement results of the heat transfer coefficient [Wib03]. 
Velocity and turbulence level have been quantified in the wind channel, as seen in 
Fig. 4-18 (right). Increasing the ventilator frequency produces a higher mass flow rate 
of the gas, thus increasing the axial velocity in the center of the wind channel, as 
evaluated using CTA. An increase in ventilator performance produces an almost 
linear increase in mean velocity, with a decrease in the velocity range. The 
turbulence level is decreasing progressively as the velocity increases. 
The velocity profile in the wind channel is shown in Fig. 4-19. A homogeneous 
velocity profile is found in the wind channel, offering optimal conditions to evaluate 
heat transfer of single specimen in gaseous flow. 
 
 
Figure 4-18: Experimental set-up of the wind channel featuring a bevel gear 
streamed from the head to the tail with hot-wire velocity and turbulence measurement 
device (left) and velocity and turbulence level related to the ventilator performance 
(right) 
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Figure 4-19: Velocity profile and turbulence level inside the wind channel at 
increasing ventilator performance across the channel 
 
4.6.2 Heat transfer 
4.6.2.1 Measurement 
Complex geometries, taking the forms of helical gears, shafts, or bevel gears, 
produce complex flows and turbulence, highly influencing the heat transfer 
coefficient. The geometries seen in Fig. 4-20 have been investigated through 
experiments, with glue-on, heat-flux sensors situated on characteristic surfaces of the 
workpieces. 
 
 
Figure 4-20: Investigated specimen from heat conductive material with heat flux 
sensor glued at various locations of the prepared surface 
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Figure 4-21: Local heat transfer coefficient distribution along a bevel gear streamed 
either from the left (head) or from the right (tail) side, and local HTCs measured by 
Captec heat flux sensors 
 
Figure 4-21 presents the comparison between simulation and measurement of heat 
transfer coefficients for a bevel gear streamed from either left (head) or right (tail) 
side. Captec sensors have been calibrated with respect to free convection conditions.  
The measured heat transfer coefficients follow the computed trend (axial flow 
simulation). The Captec sensor fails to predict an accurate value of the heat transfer 
coefficients in regions where strong gradients occur. This difference is due to the 
thickness of the sensor (0.5 mm) creating irregularities on the smooth specimen 
surface, hence disturbing the flow-field. The micro-perturbations and vortex formation 
caused around the sensor surface were previously described in [Hol99] and 
[Buc14a].  
 
4.6.2.2 Simulation 
Figure 4-22 features the results of the simulation of the heat transfer coefficient 
impinging onto the top surface of a helical gear, with verification of the heat transfer 
values using a Captec probe. The mesh quality is plotted in Fig. 4-22 (upper right), 
over the radial position on the top surface of the gear. Lower y+ values indicate a 
higher refinement of the mesh, hence higher computational costs. The impact on the 
heat transfer coefficient along the surface is seen in Fig. 4-22 (bottom right), after 
using near-wall treatment solutions.  
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Figure 4-22: Grid independency test in the case of impinging gas quenching onto a 
helical gear specimen, verified by sensor measurements 
 
The values found by simulations using various grid refinement levels correspond to 
the measurements using the Captec probe, recommended for local measurements of 
the heat transfer coefficient. In areas where a wake zone occurs, the simulation still 
exhibits over-predicted values after computing the heat transfer coefficient, as seen 
in Fig. 4-22 (bottom right), at both edges of the computed location. 
 
4.6.2.3 Correlation 
Existing correlations in gaseous, turbulent heat transfer are limited to simple 
geometries. Characteristic lengths are commonly extracted from the diameter or 
length of a streamed cylinder (Eqs. 3-16) [Gni10a]. 
The correlation from Gnielinski [Gni10a] has been extended to complex geometries 
by taking into account the chord length of the geometry in the Re-number (usually the 
cylinder diameter or length), e.g., in the case of a cylinder, the sum of two radii and 
the length of an axial streamed cylinder. This approach, when applied to complex 
geometries, such as bevel or helical gears, presents satisfying agreement with 
measurements, as seen in Fig. 4-23. 
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Figure 4-23: Results of the simulation and the measurement of the heat transfer 
coefficient as a function of the gas velocity, in comparison to literature ([Gni10a]) for 
the bevel (left) and helical gear (right) 
 
Whereas simulations of heat transfer in the case of the bevel gear (Fig. 4-23, left) 
match in average the measurements, the case of the helical gear (Fig. 4-23, right) 
still exhibits over-predictions in a range of 10-20%. Such error margins are also found 
in the literature for similar turbulence model (k-omega SST) [Zuc06]. 
 
4.6.2.4 Distribution 
The method of an axially-streamed cylinder (described in Chapter 4.3.2 and 4.3.3) to 
measure the heat transfer coefficient distribution in quenching chambers has been 
evaluated, as presented in Fig. 4-24.  
A corner of the test quenching chamber is represented in Fig. 4-24 (top left), as well 
as the integral heat transfer coefficient over the cylinder (bottom left), velocity (bottom 
right), and turbulent kinetic energy (top right) evaluated using the 7-hole pressure 
probe. The heat transfer coefficient values belong to the range reported in Tab. 3-1, 
for air quenching at relatively low velocities. Figure 4-24 shows the strong correlation 
of the heat transfer coefficient distribution with the velocity distribution, as both 
decreases along the center-to-corner direction. Higher heat transfer is measured 
close to the upper wall, as a consequence of a local increase in turbulent kinetic 
energy. 
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The cylinder probe demonstrates, in Fig. 4-24, the stronger influence of the velocity 
on the heat transfer coefficient, in comparison to the turbulent kinetic energy. 
However, in area of poor streaming conditions, high turbulences might improve the 
heat transfer coefficient, as shown herein. 
 
 
Figure 4-24: Influence of the turbulent kinetic energy (above, right) and the velocity 
distribution (below, right) on the integral heat transfer coefficient of a cylinder (below, 
left) evaluated in a section plane of the test chamber (above, left) 
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4.7 Spray quenching evaluation methods 
4.7.1 Droplet characterization 
The performance of a twin-fluid, flat-spray nozzle introduced in Chapter 4.5.2 has 
been evaluated using a patternator measuring the water mass flux distribution 
sprayed, as seen in Fig. 4-25 (center). Characteristic distributions as in Fig. 4-25 
(right) are derived from positioning the patternator at various distances and angles 
under the spray nozzle (Fig. 4-25). The ellipse defined by the flat-spray is observed 
for a water flow rate of 0.45 L/min, with a main axis along the y-direction, as seen in 
Fig. 4-25 (right). 
For lower water flow rates, the elliptical spray tends to a circular shape, as the 
distribution along the y-direction reduces to reach a range similar to the one along 
the x-direction. The water flow rates used in spray-quenching processes for heat 
treatment from the forming heat are largely above the critical value of 0.5 L/min, thus 
adopting the characteristic elliptical shape of a flat-spray. 
 
4.7.2 Heat transfer characterization 
To collect the temperature-depending heat transfer coefficient distributions during 
spray quenching, thermography has been combined to the lumped-capacitance 
method, locally adapted to a steel plate, to derive the heat transfer coefficients from 
the temperature measurements provided by the thermal camera (Fig. 4-26). 
 
 
Figure 4-25: Experimental set-up to characterize the water distribution during spray 
process using a patternator, and result of the distribution at 0.45 L/min water flow rate 
at 3 bar air pressure. 
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Figure 4-26: Experimental set-up to characterize heat transfer coefficients during 
spray-quenching of a steel plate using thermography and embedded thermocouples 
(left), and heat transfer coefficient (HTC) as a function of the surface temperature 
(derived from temperature measurements using thermography), compared to 
correlation [Wen08] at a water flow rate of 0.30 L/min at 3 bar air pressure (right) 
 
The lumped-capacitance method is based on the assumption that the effect of the 
inner heat conductivity in the specimen is higher than the effect of the convection 
taking place on the specimen surface (at Biot-number < 0.1). Furthermore, the high 
thermal conductivity of the plate (around 40 W/(m.K)) allows the temperature 
distribution during spray-quenching to be monitored on the other side of the black-
painted plate (to increase the emissivity) using thermography. This measurement 
technique has been verified using thermocouples and surface mounted heat flux 
sensors (Chapter 4.5.2). 
The derived heat transfer coefficients are expressed at the central impingement point 
for a water volume flow of 0.30 L/min in Fig. 4-26 as a function of the plate surface 
temperature. The results from the thermography derivation are compared to the 
correlation described in Eq. (3-27) [Wen08]. The characteristic boiling phenomenon 
occurring on the specimen surface during high temperature quenching, as also 
described in Chapter 3.4.3, is observed in Fig. 4-26 (right), split into the three 
successive phases: film boiling, nucleate boiling, and convection.  
Whereas measurements on steel alloys deliver satisfying results in accordance with 
the correlation; aluminum alloys, due to higher thermal conductivity, deliver a more 
refined response to the lumped-capacitance, but cannot cover the full temperature 
range investigated, due to a lower melting point. 
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5 Results 
5.1 Macro-level: flow in top-to bottom quenching units 
5.1.1 Flow characteristics  
The evolution of the flow distribution, in a gas quenching unit, depends on the 
geometry of the inner chamber, including expansions and cavities of the chamber, 
and space for furnace or batch-loading doors (Figs. 4-1, 4-2, 4-3). 
Figure 5-1 presents the velocity components distribution in the x-, y-, and z-
directions, measured at a section directly below the heat exchanger (Plane 1, at z = 0 
mm in Fig. 4-17) in a quenching chamber without load. 
From the local velocity measurements in these top-to-bottom, gas quenching units, 
observations are deduced in Fig. 5-1: 
- the x-direction presents the lowest mean velocity component; 
- the y-direction presents higher velocity in the direction of the expansion 
towards the furnace door (or batch inlet, as seen in Fig. 4-17), and the charge 
exit door, this effect might be reduced by increasing the thickness of both 
doors (hence reducing the cavity space); 
- the z-direction exhibits the highest mean velocity, as it is the main flow 
direction in top-to-bottom quenching chambers. Higher velocity is found at the 
sides of the surface, as the flow close to the wall does not suffer from the high 
turbulence levels generated by the heat exchanger. 
 
 
Figure 5-1: Velocity distribution along the x- (left), y- (middle) and z-direction (right) 
below the heat exchanger (Plane 1, z = 0 mm)  
 [Type A, measured,  ̅ = 12 m/s, p = 1 bar, Re = 380 000] 
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Figure 5-2: From left to right, velocity magnitude distribution measured in sections of 
the quenching chamber from top (Plane 1) to bottom (Plane 3)  
 [Type B, measured,  ̅ = 15 m/s, p = 1 bar, Re = 700 000] 
 
Figure 5-2 presents the evolution, from the top plane to the bottom plane, of the 
velocity magnitude in the gas quenching chamber (Type B). The top plane is situated 
in a narrower region of the chamber, 100 mm below the heat exchanger.  
The heat exchanger strongly affects the gas flow distribution. Horizontal patterns of 
constant velocity magnitude are found with decreasing intensity, from the back 
(furnace access) to the front (batch loading) side. The heterogeneity of the velocity 
greatly decreases from the top plane to the middle plane, whereas the homogeneity 
only slightly improves from the middle to the bottom plane, as seen in Fig. 5-2. The 
areas of higher velocities located at the greater expansion of the quenching chamber 
(top/furnace door and bottom/batch-loading door) present an expansion towards the 
center of the quenching chamber, characterized by smaller velocity ranges. 
The second investigated plane, presented in Fig. 5-2, is located right above the batch 
(in the investigated quenching chamber), and demonstrates a satisfying homogeneity 
that can still be improved by reducing the expansion space feeding the recirculation 
taking place at both doors location. 
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The normalized mean z-velocity, the normalized coefficient of variation (defined as 
the ratio of the standard deviation over the mean of a given value), and the 
normalized turbulent kinetic energy, are presented in Fig. 5-3. Considering the mean 
z-velocity, whereas an empty quenching chamber exhibits almost constant values 
(simulation and experiment), the mean value of the velocity greatly drops when the 
flow reaches the batch (at Plane 3), as the momentum becomes distributed over the 
transverse components, the flow is bypassing the charge.  
The standard deviation of the velocity in the main z-direction is found to stay almost 
constant in the batch configuration, as the level of turbulence is transferred also to 
transverse components. For the empty configuration, the homogenization of the gas 
flow leads to the progressive reduction of the coefficient of variation, as to be seen in 
Fig. 5-3 (center), and already observed in Fig. 5-2. An equivalent trend is observed 
for the turbulent kinetic energy displayed in Fig. 5-3 (right), in the case of an empty 
quenching chamber, with decreasing turbulences during flow homogenization.  
 
 
Figure 5-3: Results of the normalized axial, z-velocity (uz), coefficient of variation 
(VarCo) and turbulent kinetic energy (tkE) at various planes (identified from Plane 1 
to 3); measured and simulated  
[Type B, measured,  ̅ = 15 m/s, p = 1 bar, Re = 700 000] 
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Flow characteristics at a macro scale, in top-to-bottom gas quenching units, exhibit 
 a main vertical, flow-component (z-direction), with high mean velocity, 
whereas both horizontal, flow-components (x- and y-directions, ten times lower 
than the z-direction) split according to the chamber near-symmetrical 
geometry, 
 a large influence of the gas-recycling technology (e.g., heat exchanger), 
generating high flow inhomogeneity, progressively homogenizing (30 to 70% 
drop of the coefficient of variation) through the sub-levels of the quenching 
chamber. 
 
5.1.2 Flow conditioning  
5.1.2.1 Heat exchangers 
Heat exchangers, in gas quenching process, are essential to cool down the recycled 
gas, and maintain the gas temperature difference between quenchant and batch 
during gas recirculation, thus enhancing the heat exchange at a given rate of heat 
transfer. They are usually [Alt08] [Heu13] arranged as parallel tubes bundle, located 
above the batch, as a compromise between constructive dimensions, flow 
homogeneity regeneration, and minimal temperature of the recycled gas. 
This geometrical solution, however, strongly influences the flow structure past the 
heat exchanger. The fully developed, homogeneous flow, occurring without heat 
exchanger from the recycled gas flow, is strongly disturbed by large tubular 
arrangements of the heat exchangers. 
Figure 5-4 (left) reproduces the velocity magnitude distribution, measured directly 
below the heat exchangers, Plane 1. The geometry of the heat exchanger disturbs 
the gas flow, and higher velocities are found mostly at the edge of the investigated 
area. The areas of higher velocities are however not evenly distributed, and maxima 
are found in the left section (x = 500), whereas minima are found on the opposite 
side (x = 0). 
This flow dynamics unbalance is to be explained by the tubular arrangement of the 
heat exchanger. An asymmetry of the tube distribution produces more free area in 
the left side of the distribution leading to higher velocities, as seen in Fig. 5-4 (left). 
Improved results for an alternative heat exchanger configuration (adapted shell 
around the tubes bundle) can be seen in Fig. 5-4 (right), with the distribution of the 
velocity magnitude located below the heat exchanger.  
118 
 
 
Figure 5-4: Velocity magnitude distribution at Plane 1 (z = 0 mm) for the original (left) 
and the modified (right) configuration of the heat exchanger  
[Type A, measured,  ̅ = 12 m/s, p = 1 bar, Re = 380 000] 
 
Whereas the flow unbalance on the left and right side of the area has largely 
decreased, the velocity is found more homogeneous, and increases in the center of 
the plane, in comparison to the previous heat exchanger version shown in Fig. 5-4 
(left). The then-optimized flow distribution, from the heat exchanger, impacts the 
perforated plate below. Perforated plates (as detailed in Chapter 3.4.2.2) aim at 
homogenizing the flow through the combination of multiple nozzles, consisted of the 
holes distributed among the plate above the batch.  
The effects of heat exchangers are, however, globally positive to the flow 
homogeneity: previous observations [Tro98] stated the effectivity of flow conditioners 
where the major difference is a fine arrangement of thin plates, instead of more 
simple tubular arrangements, as in the corrected case described in Fig. 5-4. The 
room available downward the heat exchanger has a major influence on the ability of 
the gas flow to regenerate a developed profile. The measurement results of the 
velocity distributions, for the single components at various sections of the chamber 
(from top to bottom), are displayed in Fig. 5-5 for the x-, y-, and z-components. A 
global trend of velocity homogenization is found from top to bottom of the chamber, 
for all the single components.  
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Figure 5-5: Velocity distribution along the x- (left), y- (center), and z-direction (right) 
at Plane 1 (below the heat exchanger), Plane 2 (above the batch), and Plane 3 
(above the charge carrier) [Type B, measured,  ̅ = 15 m/s, p = 1 bar, Re = 700 000] 
 
As observed in the distribution of the main velocity (z-component) in all the sections, 
the geometry of the heat exchanger is strongly affecting the flow patterns at the 
various places, whereas the transverse x- and y-components are only affected at the 
top of the chamber. Whereas the top section presents an inhomogeneous distribution 
of transverse flow directions, related to the proximity of the heat exchanger 
generating turbulences, a clear flow separation is seen in the sections below 
between positive and negative velocity values, thus demonstrating a split of the gas 
flow to the sides. 
The velocity magnitude, derived from the single velocity components, and the 
turbulent kinetic energy, are presented in Fig. 5-6 for the various planes investigated. 
As stated previously, in top-to-bottom quenching flows, the velocity magnitude (left) 
only slightly deviates from the main flow direction (z-direction) seen in Fig. 5-5 (right), 
hence also following similar flow patterns (heat exchangers, recirculations).  
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Figure 5-6: Velocity magnitude (left) and turbulent kinetic energy (right) distributions 
at Plane 1 (below the heat exchanger), Plane 2 (above the batch), and Plane 3 
(above the charge carrier) [Type B, measured,  ̅ = 15 m/s, p = 1 bar, Re = 700 000] 
 
The turbulent kinetic energy represented in Fig. 5-6 (right) decreases in intensity as 
the gas flows towards the bottom of the quenching chamber. Turbulent patterns are 
strongly influenced by the heat exchanger arrangement and geometry, as seen in 
Fig. 5-6 (top, right). Local areas of high kinetic energy are found where the single 
components are highly varying from their respective mean values. Whereas turbulent 
flows improve the heat exchange at the surface of quenched components, a local 
and unpredictability concentration of turbulences is often a drawback for the heat 
treatment process, due to the inhomogeneous cooling, further increasing the 
distortion risks. 
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5.1.2.2 Perforated plates 
The flow homogeneity in gas quenching chambers, which is a key parameter in gas 
quenching process quality, may be corrected using additional flow conditioners, such 
as perforated plates. Perforated plates are evaluated with the focus of extending the 
experimental research of three various configurations by simulating a wider range of 
potential solutions for flow conditioners, as seen in Fig. 5-7, specifically at Plane 2 
(above the batch), as the flow homogenization above the batch has a critical impact 
on the heat transfer process, taking place inside the batch. 
Experimental observations 
The experimental observations of perforated plates situated below the heat 
exchanger cover three degrees of porosity, 26% (Rv10-18), 40% (Rv10-15), and 
100% (no perforated plate), listed in Tab. 5-1. 
Figure 5-7 exhibits the velocity magnitude distribution at the surface above the 2-
dimensional batch for the three configurations measured. Difference is made 
between the center of the area and the edge, as seen in Fig. 5-7 (left). Whereas the 
initial distribution along the z-component in Fig. 5-4 (right) has a higher velocity at the 
edge, as also described in [War91], the high porosity of 100% (no perforated plate) 
leads to an increase in velocity at the center of the area, as seen in Fig. 5-7 (left), for 
a developed flow above the batch. 
 
 
Figure 5-7: Velocity magnitude distribution for three configurations using perforated 
plates at Plane 2 (above the batch) 
[Type A, measured,  ̅ = 12 m/s, p = 1 bar, Re = 380 000] 
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Table 5-1: Velocity magnitude at Plane 2 for the three configurations  
(arithmetic mean, standard deviation, coefficient of variation) divided into center and 
edge of the plane [Type A, measured,  ̅ = 12 m/s, p = 1 bar, Re = 380 000] 
Plate 
(porosity) 
Center 
Mean 
vel. 
Center 
St.-dev. 
Center 
Var. 
coef. 
Edge 
Mean 
vel. 
Edge     
St.-
dev. 
Edge   
Var. 
coef. 
Global 
Mean 
vel. 
Global  
St.-dev. 
Global 
Var. 
coef. 
no plate 
(100%) 
11.81 1.96 0.17 10.07 2.73 0.27 11.15 2.82 0.22 
Rv 10-15 
(40%) 
9.96 0.67 0.07 10.15 0.83 0.08 10.03 0.74 0.07 
Rv 10-18 
(26%) 
11.6 1.51 0.13 12.64 2.33 0.18 11.99 1.92 0.16 
 
Considering the center of Plane 2, the mean velocity without perforated plate is 17% 
higher than at the edge. As also mentioned in [DeB57], a low porosity leads to higher 
velocity at the edge, as the 9% increase shows, in the case of the Rv10-18 plate 
(porosity of 26%). The Rv10-15 plate demonstrated its highest homogeneity at Plane 
2, with a center-to-edge difference below 2%, and a global variation coefficient below 
7%, in comparison to the less homogeneous configurations, with Rv10-18 plate 
(16%), or without plate (22%) (Tab. 5-1).  
The porosity has been chosen as a study parameter in this case, as the Plane 2 
distance from the plate is above an H/D ratio of 6 (H/D > 6). In this case, the heat 
transfer from an impinging jet is independent from the hole geometry [Col96]. Hence 
the perforated plate is assimilated to an array of round nozzles, whose single jets are 
optimally mixed when H/D ~ 5 [Sch10b]. 
The measurements of the velocity components at various sections of the chamber, 
with and without perforated plate, are displayed in Fig. 5-8. Whereas the x-
component (first row) does not show a high variation for the gas flow going 
downwards, the y-component (second row) is homogenizing, as demonstrated 
previously. The perforated plate of lower porosity (26%, Rv10-18, right column) 
presents the highest flow homogenization in the transverse components, whereas the 
main component is better handled at medium porosities (e.g., 40% for Rv10-15, 
central column). 
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Figure 5-8: Velocity distribution along the x- (top), y- (middle) and z-direction 
(bottom) at Plane 1 (below the heat exchanger, no perforated plates), Plane 2 with a 
perforated plate of 40%-porosity, and Plane 2 with a perforated plate of 26%-porosity 
[Type A, measured,  ̅ = 12 m/s, p = 1 bar, Re = 380 000] 
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The velocity magnitude, derived from the individual velocity components, as well as 
the turbulent kinetic energy have been evaluated and are presented in Fig. 5-9 for 
the various planes and perforated plates. The velocity magnitude distributions 
qualitatively agree in all cases to the distributions of the main velocity (z-component) 
seen in Fig. 5-8 (bottom row).  
The turbulent kinetic energy (Fig. 5-9, bottom) decreases with the gas flowing 
downward the quenching chamber. Concerning the perforated plates, medium 
porosities distribute the energy more evenly across the section of Plane 2, whereas a 
lower porosity tends to distribute the turbulent kinetic energy to the edge of the 
section, as also observed for the velocity magnitude distributions in Fig. 5-9 (top). 
 
 
Figure 5-9: Velocity magnitude (top) and turbulent kinetic energy (bottom) 
distributions at Plane 1 (top) and Plane 2, for the Rv10-15 (left) and the Rv10-18 
(right) perforated plates [Type A, measured,  ̅ = 12 m/s, p = 1 bar, Re = 380 000] 
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The velocity magnitude and turbulent kinetic energy (Fig. 5-9) present similar trends 
as already described in Fig. 5-6. Whereas the velocity magnitude is almost identical 
to the velocity in the main flow direction, the turbulent kinetic energy is decreasing 
with the gas flowing downwards. The decrease in velocity magnitude, observed in 
Fig. 5-9 (top), compared to Fig. 5-6 (left), is compensated by a higher turbulent 
kinetic energy due to the smaller dimensions of the quenching chamber, as well as 
the structure of the heat exchanger, presenting a larger blocking grade. 
Specific observations from the numerical simulations 
Plane 2 (top of the batch) is located at a distance 5 < H/D < 6, for D = 10 mm, below 
the perforated plate. A simulation-based parameter study has been carried out for 
specific plates with 10 mm-diameter holes, as seen in Fig. 5-10 (Rv10-xx). For 
constant holes-diameter, the increasing porosity leads to a decreasing velocity in the 
main flow direction, whereas the homogeneity increases (decreasing variation 
coefficient, defined as the ratio of the standard deviation over the mean value, and 
velocity range, converging from 40%-porosity). A minimal porosity of 40% improves 
the flow homogeneity, as also found in [DeB57]. The average turbulent kinetic energy 
(tkE) decreases with increasing porosity. A high turbulent kinetic energy improves the 
heat transfer in the case of industrial gas quenching, thus an optimal configuration 
may be identified by a combination of high velocity, high homogeneity, and high 
turbulences, making the Rv10-15 perforated plate, in this particular 2-dimensional 
quenching, the optimal choice. 
 
   
Figure 5-10: Flow characteristics (velocity, range, variation coefficient, and turbulent 
kinetic energy) for various plates with 10 mm-diameter perforated holes as a function 
of the porosity at Plane 2 [Type A, simulated,  ̅ = 10 m/s, p = 1 bar, Re = 320 000] 
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The flow homogeneity is also investigated among the sections of the quenching 
chamber, from top to bottom (Plane 4), as represented in Fig. 4-17. Figure 5-11 
shows that a reduction of the porosity to 30% (third column) leads to an asymmetrical 
profile of the flow, focusing in the center of the chamber at Plane 4, as represented 
by the streamlines (Fig. 5-11, top). The recirculation zones take place inside the 
cavities of the quenching chamber, and reduce as the porosity increases. Whereas 
they remain local at a porosity of 50% (second column), the recirculation zones 
dramatically expand at 30% (third column), providing an undesirable velocity profile 
for gas quenching processes. 
 
 
Figure 5-11: Velocity magnitude (top), z-velocity (middle), and ratio of the velocity 
components (bottom), as a function of the porosity, at the central section of the 
chamber, parallel to the gas flow 
[Type A, simulated,  ̅ = 10 m/s, p = 1 bar, Re = 320 000] 
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The expansion of the recirculation zone is located where the fastest velocity and 
highest turbulence reaches the perforated plate, improving the flow through the plate. 
Further comparisons in Fig. 5-11 (bottom) presents the influence of the chamber 
configuration on the components of the velocity. The influence of the component in 
the x-direction remains stable for the various porosity levels, due to the geometrical 
expansion of the chamber into batch and furnace inlets; whereas the component in 
the y-direction is affected by the porosity, as to be seen in Fig. 5-11 (bottom), due to 
the expansion of the recirculation zones. 
The measurements and the simulations confirm the positive influence of perforated 
plates on improving the flow distribution homogeneity. Perforated plates ranging from 
40% to 65% porosity and with holes-diameter having the optimal ratio H/D ~ 5-6 
provide flow patterns to ensure the most homogeneous quenching process.  
 
Flow conditioning solutions at a macro scale, in top-to-bottom quenching chambers, 
may take the form of design criteria affecting 
 the expansion of the chamber area from the heat exchanger above should be 
limited to avoid the creation of recirculation areas,  
 the heat exchanger, whose effect on the flow homogeneity can be in-situ 
quantified, and adapted to produce a homogeneous and intensive flow 
distribution above the batch (an industrial case lead to reduce the coefficient of 
variation from 39% to 31% by optimizing the heat exchanger shape), 
 perforated plates, whose geometry (hole diameter, distribution, and overall 
porosity) provide an effective incoming flow homogenization, especially in 
reduced chamber dimensions, with the following guideline: 
- 40% to 65% porosity 
- ratio H/D ~ 5-6 
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5.2 Meso-level: structure of the batch 
5.2.1 Multi-layered batch arrangements 
Conventional applications of heat treatment gas quenching cover 3-dimensional 
batches of small workpieces (cylindrical gears, flat gears) to decrease the process 
time per part. Variations of the batch arrangement have been investigated for various 
complex part geometries with additional flow conditioners, for single or group of parts 
to obtain further efficiency improvements. 
 
5.2.1.1 Bevel gear 
3-dimensional arrangements of bevel gears are compared in Fig. 5-12, on the basis 
of the integral heat transfer coefficient on the bevel gear specimens. The 
measurements took place in the gas quenching test chamber. The effects of the 
charge density, amount of layers, and layer offset, have been taken into account 
during the experimental observations. 
The effect of the batch density is shown in Fig. 5-12 (left). The increase in charge 
density (distance between parts from three to two diameters) is found to improve both 
mean heat transfer coefficient and standard deviation in the measurements results. 
The second layer of bevel gears is quenching more homogeneously due to the 
protective effect of the first layer, in Fig. 5-12 (right), as also observed by [Mac05].  
 
     
Figure 5-12: Effect of batch density (left) and layers offset (right) on the heat transfer 
intensity (HTC) and homogeneity (standard deviation) for bevel gear specimens 
[Test chamber, measured,  ̅ = 0-14 m/s, p = 1 bar, Re = 890 000,  
HTCmax = 65 W/m²K] 
129 
 
The heat transfer in the second layer is furthermore enhanced when implementing an 
offset of the parts at the second layer, as also seen in Fig. 5-12 (right). Large batches 
of bevel gears require a high batch density and an offset of the second layer, while 
avoiding a too high density or further layers, causing a higher pressure loss that 
harms the ventilator performances. [Mac05] suggests the use of dummy cylinders as 
first layer to ensure the global quenching homogeneity between layers. 
As observed by [Mac05] and [Buc14a], the charge carrier has a positive influence on 
the average value of the heat transfer, increasing the heat transfer coefficient for 
multiple-layer configurations. However, the carrier grid leads to increasing the 
standard deviation of the heat transfer coefficient, thus the heterogeneity of the 
quenching of a bevel gear specimen. 
 
5.2.1.2 Helical gear 
The arrangement of batches of helical gears has been investigated in a series of 
simulations for several configurations summarized in Fig. 5-13:  
- configuration 1 features two layers of helical gears, arranged in line, one under 
another; 
- configuration 2 features an offset of the second layer, as pictured; 
- configuration 3 comprises the use of long flow ducts across both layers; 
- configuration 4 features the use of an individual flow duct around each gear 
specimen of a two-layer batch without offset. 
The results can be seen in Fig. 5-13 (right) for the mean heat transfer coefficient at 
the upper and bottom layers. Concerning the intensity of the heat transfer, the longer 
flow duct fails to reach the effectivity of the configurations with shorter flow ducts, or 
even without flow ducts. This configuration is also discarded because of the highest 
coefficient of variation observed, out of all configurations computed and extensively 
evaluated in [Buc14b].  
Whereas the configuration with smaller, 30 mm-long flow ducts and without offset of 
the bottom layer reaches the effectivity of the configurations without flow duct, Fig. 5-
13 exhibits the high potential of a batch arrangement featuring small, individual flow 
ducts, and the offset of the second layer. 
Also for 3-layer batches, the maximum mean heat transfer coefficient, with smallest 
coefficient of variation, is found for the configuration involving individual flow ducts 
and an offset of the second layer. 
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Figure 5-13: Mean heat transfer coefficients of 2-layer batch configurations involving 
helical gears; configuration 1 is standard, configuration 2 consists of an offset of the 
bottom layer, configuration 3 involves long flow duct for the two layers and 
configuration 4, flow ducts around single specimens 
[Test chamber, simulated,  ̅ = 10 m/s, p = 1 bar, Re = 700 000] 
 
Short, individual flow-ducts, dimensioned according to the gear size, focus the gas 
flow in the teeth region, and are found to effectively improve the heat transfer of the 
whole helical gear at every layer of a 3-layer batch. An offset of the second layer is 
requested to condition the gas flow, so that the second and eventually third layers 
can be quenched with higher cooling rates. 
 
The results achieved on the meso scale indicate that both heat transfer homogeneity 
and intensity are improved in multi-layered batches of gear specimens by 
 setting an offset of the sub-layers of the batch (around 5% increase in 
quenching intensity), 
- corresponding to half the distance between the specimen centers, 
- in a single direction, 
 and enclosing the specimen in cylindrical solutions (flow ducts) intensifying the 
gas flow close to the specimen surface (major increase in quenching intensity 
at the bottom layer), 
- with a cylinder length nearly equal to the specimen length, 
- with a wall-to-specimen distance between 5 and 10 mm. 
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5.2.2 Single-layered batch arrangements 
5.2.2.1 Bevel gear 
Batch configurations produce additional effects to the gas flow around workpieces, in 
comparison to configurations involving single parts. Such effects can be, for instance, 
the neighboring effect of other workpieces, the effects of the charge carrier, or the 
effect of the environment of the quenching chamber depending on the workpiece 
position. 
Bevel gears are challenging part geometries for batch configurations in gas 
quenching. The head/pinion of the gear creates a high blocking grade for the 
impacting gas flow on the top of the batch. The shaft of the gear is smaller in 
diameter, and longer than the head, increasing the distortion risks due to the 
dimensions. 
In Fig. 5-12, the measured integral heat transfer coefficient showed that a low batch 
density increases the quenching heterogeneity (standard deviation), while remaining 
less effective in terms of HTC intensity, in comparison with a high batch density. 
Whereas bevel gears appear to be challenging parts for the quenching of single 
workpieces, the arrangement in highly densified batch minimizes the flow 
irregularities produced by the flow channeling and impinging gas stream. As already 
observed [Heu13a], top-to-bottom gas flow is sufficient in 2-dimensional arrangement 
of bevel gear to reach satisfying quenching homogeneity, thus avoiding distortion 
risks. 
 
5.2.2.2 Helical gear 
The teeth region of the helical gear is critical during the quenching process. Gas flow 
recirculation strongly affects the quenching homogeneity and intensity in impinging 
flows. The tooth lying in the closest gap between two gears is investigated in Fig. 5-
14 (top). The heat transfer coefficient distribution is computed along the two sides of 
the tooth: the impinging side (left), and the rear side (right). Various distances 
between both gears have been analyzed in a series of simulation runs, ranging from 
0 mm (gears in contact) to 20 mm (neglectible flow disturbance of the neighboring 
gear). 
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  Figure 5-14: Computed heat transfer coefficients (HTC) along the front (left) and 
rear (right) side of a gear tooth for various batch densities (distance between gears) 
[Test chamber, simulated,  ̅ = 10 m/s, p = 1 bar, Re = 700 000] 
 
As it can be seen in Fig. 5-14 (left) at the front side of the tooth, the widest distance 
between the gears (20 mm) provides the lowest homogeneity of the heat transfer 
coefficient distribution, characterized by higher heat transfer at the top and bottom 
section of the tooth, whereas the center of the tooth remains barely affected by the 
flow.  Decreasing the distance between gears leads, on both front and rear sides of 
the tooth, to a positive increase in heat transfer intensity and homogeneity, with both 
sides demonstrating only limited heat transfer coefficient gradients, specifically for 
close distances (0 and 2 mm). However, the distance between gears for 2-
dimensional batches has to be maintained large enough to avoid such local heat 
transfer variations between teeth (as seen in Fig. 5-14, below 20 mm). The local 
benefits mentioned previously are indeed a drawback for the quenching homogeneity 
of the whole gear, as the rest of the teeth are quenching worse. 
The average heat transfer coefficient and the HTC range, presented in Fig. 5-14, are 
shown in Fig. 5-15, as a function of the distance between gears. The sampled data 
are located in the same area described in Fig. 5-14, in the closest region between 
neighboring gears.  
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Figure 5-15: Simulated average heat transfer coefficients of a helical gear (left), and 
averaged heat transfer coefficient comparison (right) between measurement and 
simulation of a tooth as a function of the distance between gears 
[Test chamber, measured and simulated,  ̅ = 10 m/s, p = 1 bar, Re = 700 000] 
 
The front and rear sides of a helical gear are also covered in the data shown in Fig. 
5-15. Whereas the density in the batch affects the heat transfer of the front and rear 
side of the gear in a +/-20% range, a high heat transfer is found for close distances 
between gears. The heat exchange is decreasing as the distance increases, until the 
value of 10-15 mm, where the heat transfer coefficient reaches a constant minimum.  
Figure 5-15 (right) presents the comparison between measurements and simulations 
over the distance between gears on the heat transfer rate. All capture the trend found 
previously, with stabilization of the heat transfer rate in the same 10-15 mm distance. 
Simulations are found to slightly diverge from the measurements, as seen in Fig. 5-
15 for large gear distances. 
Batch arrangements involving helical gears, producing high blocking grades, require 
a minimal distance between gears of 10 mm in order to maintain similar quenching 
intensities and homogeneities in the teeth regions. The blocking grade has not 
proved any major influence on the heat transfer rate, neither at the front nor at the 
rear side of the helical gear.     
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5.2.2.3 Ring gear 
Rings offer low blocking grades and high sensitivity to distortion. With additional teeth 
regions, ring gears are highly challenging workpieces in gas quenching, when willing 
to ensure quality of the mechanical process, and reproducibility of the production. 
Gas quenching is of interest for ring gears as both method and workpiece combine 
their advantages: low distortion potential for gas quenching and low blocking grade 
for ring gears. 
Figure 5-16 (left) presents the effect of the flow rate (in terms of ventilator 
performance) on the integral heat transfer of a ring gear, for measurements done in 
the test chamber. In comparison with the correlation detailed in Chapter 4.6.2.3, an 
error margin of around 20% can be found. The error margin is to be explained by the 
high turbulence level in the quenching chamber, thus increasing the heat exchange 
at the surface of the gear. This effect has not been observed in the experiments for 
the single gear in a wind channel. 
 
    
Figure 5-16: Measurement results of the integral heat transfer over a single ring gear 
compared with correlation (Chapter 4.6.2.3) at various ventilator performances (left) 
and effect of the distance in batch of ring gears over the heat transfer at 100% 
ventilator performance 
[Test chamber, measured,  ̅ = 0-14 m/s, p = 1 bar, Re = 890 000] 
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Figure 5-16 (right) shows the relation between the distance and the tangential heat 
transfer coefficient measured between two neighboring ring gears (0 mm means the 
two gears are in contact). Increasing the distance from the situation where the two 
ring gears are in contact does not influence the heat transfer coefficient, as seen in 
Fig. 5-16 (right).  
The local heat transfer coefficient scatters in a +/-3% range around the average 
value. The distance between ring gears in a batch does not influence the heat 
transfer coefficient because of the low blocking grade of such workpieces so that the 
density of parts can be set the highest for 2-dimensional and 3-dimensional batch of 
ring gears.  
 
The investigation of the flow and heat transfer at the meso scale for single-layered 
batch indicates that  
 heat transfer homogeneity and intensity are improved for gear specimens by 
providing a minimum space between specimens to lessen the mutual 
interaction between the neighboring specimens, especially in the teeth region, 
over the gas flow, 
- of at least 5 mm for flat gears (outer gearing), 
- yet not relevant for ring gears (low blocking rate of the batch). 
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5.3 Micro-level: flow control for single specimens 
5.3.1 Heat treatment homogenization using impinging jets 
5.3.1.1 Ultrasound-assisted gas quenching 
The use of pulsating or oscillating flows within impinging gas quenching has been 
investigated to assess the potential of local pressure variations to increase the 
intensity and homogeneity of the heat transfer at the surface of metal specimens. 
The investigated flow configuration on a flat plate is a combination of a gas nozzle 
with an acoustic sound field. The local HTC distribution on the flat plate is evaluated 
using temperature measurements and the lumped-capacitance method (at Biot-
number < 0.1), as well as glue-on heat flux sensors. The experiments are carried out 
in temperature configurations close to ambient conditions (80 °C < T < 120 °C, using 
the aluminum plate arrangement), in parallel with simulations. 
The characteristic HTC distribution found for an impinging jet (Fig. 5-17, right) is in 
agreement with the literature [Zuc06], with a high peak in heat transfer at the 
stagnation point (center of the impinging jet), quickly decreasing as the jet expands 
radially outwards.  
 
 
Figure 5-17: Simulation setup (left) and local heat transfer coefficient distribution for 
three flow configurations (gas jet, ultrasound, and jet with ultrasound) (right) 
[Test chamber, simulated,  ̅ = 10 m/s, p = 1 bar, Re = 25 000] 
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The sound effect on the heat transfer is also reported in Fig. 5-17, with a smoother 
distribution than the sole impinging jet, and an almost constant heat transfer in the 
direction of the expansion. The combination of both techniques produces a higher 
peak in the center, whereas the expanded jet, influenced by the ultrasound, 
maintains a higher, more constant heat transfer coefficient along the expansion path. 
Simulations and measurements of integral heat transfer coefficient demonstrate a 
qualitative agreement, as seen in Fig. 5-18. The integral evaluation of the heat 
transfer over the plate confirms the slight improvement brought by the combination of 
impinging jet and ultrasound in both simulated and measured cases. 
The combination of gas flow and ultrasound proves interesting improvement of the 
heat transfer homogeneity, and a slight increase in intensity for the specimen and 
configuration investigated. 
 
     
Figure 5-18: Comparison of simulation (left) and measurement (right) results 
concerning the local and integral heat transfer on the aluminum plate 
[Test chamber, simulated and measured,  ̅ = 10 m/s, p = 1 bar, Re = 25 000] 
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5.3.1.2 Nozzle field distribution 
A process-integrated spray-quenching field has been evaluated in order to perform a 
controlled quenching of individual specimens from the processing heat (1100 to 1250 
°C), as seen in Fig. 5-19 for a forging process line. The forging/quenching process 
described in Fig. 5-19 (right) features the quenching unit made of a nozzle field 
pictured in Fig. 5-19 (left), integrating a ring-sensor monitoring the specimen 
microstructure during the quenching process [Hin12a].  
Temperature-depending heat transfer coefficient distributions, based on local 
thermography measurements, are derived for various spraying parameters. These 
HTCs are implemented into a transient heat transfer simulation as boundary 
conditions on the surface of complex geometries (such as the stepped shaft and the 
common rail seen in Fig. 19, left). Additional elements interacting with the spray 
(such as the ring-sensor) are taken into account, as seen in the simulation results of 
Fig. 5-20 for the common rail specimen. 
Due to the integration of the microstructure sensor (ring shape) in the quenching 
process [Hin12a] [Rei14] (Fig. 5-19 top left for the stepped shaft, bottom left for the 
common rail), the quenching configuration needs to be adapted, where four nozzles 
surround the stepped shaft, positioned so that the flow targets the massive part of the 
shaft, where the heat is concentrated.  
 
 
Figure 5-19: Spray-field (left) integrated into the quenching cell unit with its location 
within the forging unit (right) 
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Figure 5-20: Quenching configuration for the common rail surrounded by a ring-
sensor with simulation results of the HTC (left) and temperature (right) after 15 
seconds of spray quenching  
[Test chamber, simulated,  ̇ = 4 L/min, p = 3 bar, Re = 1 200] 
 
The ring sensor protects the lower section of the shaft (cup) from losing its internal 
energy due to the rapid quenching, thus avoiding a phase transformation into 
martensite, in comparison with an unbalanced flow distribution. 
The simulation of a slow rotation (0.25 rps) of the stepped shaft specimen under 
spray quenching and without the protective action of the ring sensor has 
demonstrated improvements in quenching homogeneity [Buc15]. However, this 
solution was discarded due to the additional process costs for similar results obtained 
using the heat relaxation inside the specimen. 
The heat transfer coefficient distribution on the shaft specimen surface is shown in 
Fig. 5-21 (left), increasing with time as the temperature of the surface decreases, 
according to the boiling phenomenon undergone by the water in case of spray-
quenching. 
The flat spray, oriented horizontally compared to the specimen rotational axis, allows 
a reduction of the rapid quenching action to the massive part of the shaft, as also 
seen on the HTC distribution in Fig. 5-21. The transient simulation results are shown 
in Fig. 5-21 (right), with the temperature distribution inside the stepped shaft after 30 
s of spray quenching. 
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Figure 5-21: Selected quenching configuration for the stepped shaft surrounded by a 
ring-sensor with simulation results of the HTC (left) and temperature (right) at various 
times during spray quenching 
[Test chamber, simulated,  ̇ = 4 L/min, p = 3 bar, Re = 1 200] 
 
The distribution is almost homogeneous inside the shaft section, whereas the cup 
section at t = 30 s is still warm. The effect of inner heat conduction through the 
specimen, occurring during the second phase of homogeneous bainitizing, leads to a 
smooth re-distribution of the remaining heat in the cup section into the rest of the 
stepped shaft. 
 
Investigation results at the micro scale show that heat treatment homogenization 
can be improved by  
 using additional jet corrective methods, such as ultrasound (quenching 
homogeneity and intensity improved by around 10%),  
 or improving the design of quench field for single specimen, for instance by 
- fully integrating the existing process chain (sensors, process cycle, unit 
cell, automation), thus sparing process time and costs, 
- rotating the specimen around its symmetrical axis to tackle the high 
HTC gradients existing in impinging jet quenching (improved quenching 
homogeneity), 
- and implementing constructive flow-conditioning solution to protect thin 
areas from high HTCs, to lead the gas flow, or to produce turbulences 
(improved quenching time and homogeneity). 
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5.3.2 Gas flow around single gears 
5.3.2.1 Flow structure around bevel gears 
Bevel gears are assimilated to shafts with a pinion head which has a strong influence 
on the incoming gas flow. The measured distribution of the gas velocity around a 
single bevel gear streamed along is seen in Fig. 5-22 with two directions of the flow, 
either from the tail or from the head side of the gear. The recirculation zone observed 
near the head side is indeed larger when the gas streams from the head side, 
compared to the shaft side. Geometry irregularities, such as variations in the shaft 
diameter, produce a decrease in velocity due to small recirculation zones, as also 
observed in Fig. 5-22.  
The influence of the streaming velocity on the heat transfer of the bevel gear is 
presented in Fig. 5-23. The negative influence of the larger recirculation zone is 
observed through the lower heat transfer coefficient measured behind the streamed 
head of the bevel gear in Fig. 5-23 (left). The range of heat transfer coefficients along 
the bevel gear increases with the streaming velocity in this case, as well as the 
standard deviation for the local values measured by the single sensors. 
 
 
Figure 5-22: Velocity distributed around the bevel gear streamed from the head side 
(top) and the shaft side (bottom) measured by CTA  
[Wind tunnel, measured,  ̅ = 15 m/s, p = 1 bar, Re = 115 000] 
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Figure 5-23: Influence of the axial velocity on the local heat transfer coefficient of a 
bevel gear streamed along from the head (left) and from the shaft (right) sides 
[Wind tunnel, measured,  ̅ = 15 m/s, p = 1 bar, Re = 115 000] 
 
The heat transfer coefficients reach their initial values after re-attachment of the 
recirculation zone for all the velocities considered in Fig. 5-23 (left). In the opposite 
streaming conditions, the local heat transfer coefficients (Fig. 5-23, right) present 
lower standard deviations. However, the global heat transfer coefficient increases 
progressively, even though a small recirculation zone takes place behind the head.  
Simulations proved the increase in heat transfer in this location due to the 
combination of medium or low velocities with high turbulent kinetic energy, produced 
by the bevel gear pinion geometry. 
Figure 5-24 (left) demonstrates both the increase in mean heat transfer and standard 
deviation (vertical bars) with the velocity. However, the coefficient of variation, 
defined as the ratio of the standard deviation over the mean velocity, drastically 
decreases in the velocity range 5 to 10 m/s, stabilizing afterwards for increasing 
velocity, as the standard deviation increases slower than the related velocity. 
Figure 5-24 (right) summarizes the local variation of heat transfer coefficient along a 
bevel gear streamed from the left/head side at increasing velocity. The local effect of 
the gas velocity is found in the increase in inhomogeneity of the heat transfer 
coefficient distribution, as shown in Fig. 5-24, reaching its local maximum at the front 
of the bevel gear, which is also the separation point of the recirculation zone.  
The reattachment of this zone only occurs behind the head of the bevel gear, as the 
velocity domains show in Fig. 5-22, along its smaller-diameter shaft. As well, this 
reattachment point is velocity-dependent as also found by [Wib05]. 
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Figure 5-24: Mean heat transfer coefficient, standard deviation and coefficient of 
variation of the local heat transfer (left), and gas velocity related local heat transfer 
coefficient along the full-modeled bevel gear geometry featuring the simulation (right) 
[Wind tunnel, measured,  ̅ = 4-22 m/s, p = 1 bar, Re = 170 000] 
 
5.3.2.2 Flow structure around helical gears 
Figure 5-25 presents some streamlines and the velocity magnitude around a helical 
gear, with a heat transfer coefficient distribution at its surface. Large recirculations 
are taking place behind the impinged surface, whereas smaller recirculations occur 
on the teeth surface, where the flow is producing a more intensive heat transfer, 
reaching approximately a third of the tooth length. 
When considering the teeth of gears streamed from the disc surface, they suffer from 
the development of an early recirculation zone, shown by the simulation in Fig. 5-25 
(left), where the heat transfer coefficient, exposed to the incoming flow in the front 
tooth, decreases dramatically along the axis to the back to stabilize to lower values in 
the range of 50 W/(m²K). Such recirculation zones have also been observed in the 
work of [Pel05], involving high-pressure gas quenching with Helium (20 bar) of a 
single gear. 
 
5.3.2.3 Flow conditioning around helical gears 
Simulations have been performed for a single helical gear in various flow 
configurations involving flow conditioners (cylindrical flow ducts) around the specimen 
[Buc14b]. The flow ducts are intended to focus the flow around the gear, as to 
prevent the radial spreading of the flow during impingement on the gear front side.  
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Figure 5-25: Streamlines and velocity magnitude around a helical gear with heat 
transfer coefficient distribution at its surface 
[Wind tunnel, simulated,  ̅ = 10 m/s, p = 1 bar, Re = 75 000] 
 
The influence of the flow duct diameter on the local heat transfer at four key positions 
of the helical gear is investigated, as seen in Fig. 5-26 for a ratio e/L = 1 (gear 
thickness over flow duct length). The top surface (disc front) and the bottom surface 
of the gear (disc rear), as well as the streamed surface (tooth front), and the reverse 
side of the tooth (tooth rear) are investigated in detail.  
 
 
Figure 5-26: Computed average heat transfer coefficient at specific locations of the 
gear for various flow-duct diameters (from 130 to 160 mm) with e/L = 1 
[Wind tunnel, simulated,  ̅ = 10 m/s, p = 1 bar, Re = 75 000] 
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The intensity and the uniformity of the heat transfer coefficient distribution, over those 
surfaces, play a major role on the achieved quality of the workpiece during the heat 
treatment process. The gas flow within heat transfer simulations have been 
computed, involving configurations of flow ducts (diameter from 130 to 160 mm) 
around single helical gears (diameter 120 mm), as summarized in Fig. 5-26 under the 
various mentioned configurations: without flow duct, with a 160 mm-diameter 
cylindrical flow duct, then varying the diameter to 140 mm and 130 mm, around the 
120 mm-diameter helical gear. The height of the cylindrical flow duct has been kept 
constant, equal to the gear height (e/L = 1). 
Both the mean heat transfer coefficient and the coefficient of variation have been 
evaluated at four locations of the helical gear. Introducing a flow duct, and reducing 
its diameter, decreases the size and the intensity of the recirculation zone, observed 
e.g. in Fig. 5-25. The velocity is increasing and more uniformly distributed in the tooth 
area. In Fig. 5-26, the effect of flow uniformization and intensification correlate 
positively with an improved heat transfer.  
The introduction of flow ducts intensifies the heat transfer, except for the rear surface 
of the gear, with the smallest duct diameter obtaining the best improvement. The 
homogeneity of the heat transfer distribution (low coefficient of variation) is found to 
reach its maximum for the 130 mm-diameter cylinder.  
In the flow ducts investigation at batch level, the 140 mm-diameter cylinder was used 
as a compromise between high and homogeneous heat transfer coefficient 
distribution for the investigated regions of the gear. 
Local heat transfer coefficient have been computed along the helical gear tooth, at 
both impinged and rear sides for the various flow-duct configurations, to evaluate the 
influence of a reduction of the free room available for the streaming gas flow. The 
section of the tooth exposed to the impinging flow is quenched more intensively and 
homogeneously with the reduction of the cylinder diameter, as described in Fig. 5-27. 
The area undergoing the recirculation in Fig. 5-27, characterized by higher heat 
transfer, is expanding as the flow duct diameter reduces. The use of a flow duct 
influences positively the heat transfer on the rear side of the tooth, as seen in  
Fig. 5-27. Reducing the flow duct diameter enlarge the peak in heat transfer 
coefficient situated at the front side of the tooth, while intensifying the heat transfer 
along the tooth. 
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Figure 5-27: Computed local heat transfer coefficient distributed along the gear tooth 
at the impinged side for various flow-duct diameters (from 130 to 160 mm)  
with e/L = 1 [Wind tunnel, simulated,  ̅ = 10 m/s, p = 1 bar, Re = 75 000] 
 
Complex specimen geometries in gas quenching produce high variations of the heat 
transfer coefficient due to flow disturbances, either caused by the combination of high 
velocity + high turbulence (high increase in HTC), or by the combination of low 
velocity + high turbulence (lower increase in HTC). 
Homogeneity and intensity in heat transfer of single gear specimens at the micro 
scale can be improved by 
 fitting the gas pressure and velocity to the quenching unit and quenched 
workpiece (to reduce macroscopic flow irregularities through the quenching 
unit), 
 varying flow directions and velocity, according to the specimen geometry 
(using flexible reversing flow techniques),  
 or adapting external flow conditioning elements to single specimen, such as 
cylindrical ducts, to locally focus the gas flow (providing large improvements of 
the quenching intensity and homogeneity in the teeth region). 
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5.3.3 Process-integrated stepped quenching 
5.3.3.1 Heat treatment from the forging heat 
The process cell described in Chapter 5.3.1.2 (Fig. 5-19, right) has been operated to 
perform integrated heat treatment of forged components under various process 
parameters (austenizing temperature and time, quenching technique -spray or gas 
jet-, intensity and time). The heat treated components have been evaluated using 
hardness measurement and microstructure observation (light microscopy and 
scanning-electron microscopy). The central section of a stepped shaft after gas and 
spray quenching is seen in Fig. 5-28, with the results of microstructure observation 
using light (left), and scanning-electron microscopy (right). As an example, the 
images of the specimen (Fig. 5-28, Core or hot-spot and Surface or cold-spot), 
present the characteristic, needle-like phase arrangement of a bainitic microstructure, 
both with high similarities. 
Comparable experiments and analyses have been performed for various steel grades 
and specimen geometries [Buc15], as listed in Tab. 5-2 for the common-rail, and 
Tab. 5-3 for the stepped shaft. Tab. 5-2 presents the results of various quenching 
scenarios performed in a 4-nozzle field (2 x 2-arrangement, no rotation) for the 
common-rail specimen. The hardness Vickers values (HV30) at key positions in the 
central section of the specimen are evaluated for the analysis of the homogeneity of 
the resulting microstructure after quenching.  
 
 
Figure 5-28: Micrographs using light microscopy (left) and scanning electron 
microscopy (right) at two positions (core C, and surface S) of the shaft  
after gas and spray quenching 
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Table 5-2: Various quenching scenarios (spray-field arrangement and heat transfer 
coefficient profile) and results (HV30-hardness and microstructure quality at two 
locations of the specimen) for the common-rail of various steel grades 
 
 
Table 5-3: Various quenching scenarios (spray-field arrangement and heat transfer 
coefficient profile) and results (HV30-hardness and microstructure quality at two 
locations of the specimen) for the stepped shaft of HDB steel grade 
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The scale, seen in Tab. 5-2 (right), defines the targeted bainitic microstructure 
colored in green. Harder and softer microstructures (martensite and ferrite/perlite) are 
represented in red/black and blue, respectively. Whereas free convection and spray-
quenching provide either a too weak, or too strong quenching for the small forged 
specimen, the pressured-air arrangement, using four nozzles around the specimen, 
succeeds in providing a homogenous bainitic microstructure, where the optimal 
quenching process time remains in a 60 to 80 s range, as seen in Tab. 5-2.  
A 4-step quenching process applied to the stepped shaft, with successively spray-
quenching, pressurized air, free convection, and a final pressured-air phase, 
succeeds in bainitizing homogeneously the massive specimen, as seen in Tab. 5-3, 
hence obtaining improved mechanical properties from the integrated quenching in 
the forging process-chain.  
Whereas the first scenario in Tab. 5-3 (top) succeeds in bainitizing most of the 
stepped shaft specimen strictly with a gas-quenching-based, 8-nozzle configuration 
(seen in Chapter 3.3.2), the cup section undergoes a strong martensitic 
transformation, as revealed by both hardness and microscopy tests. As detailed 
previously in Fig. 5-21, the ring-sensor provides a positive, shield effect to the cup 
section of the stepped shaft, which is seen on the rest of the quenching scenario 
described in Tab. 5-3.  
Quenching the specimen using spray, as in the second scenario presented in Tab. 5-
3, produces higher, instable heat transfer coefficients past the Leidenfrost point due 
to the boiling phenomenon, occurring onto the surface of the specimen. A too long 
period of spray-quenching leads to the formation of martensitic microstructures at the 
surface of the specimen (martensite shell). The reduction of the spray-quenching 
duration, from 25 to 22 s, as seen in the scenario 2 and 3 in Tab. 5-3, provides better 
results for the production of a homogeneous bainitic microstructure into the stepped 
shaft specimen. Concerning the third quenching scenario described in Tab. 5-3, the 
trace of ferritic/pearlitic microstructure into the core of the stepped shaft has been 
reduced after performing a final gas-quenching step, seen in Tab. 5-3 (bottom).  
The 4-step quenching scenario, seen at the bottom of Tab. 5-3, consists of an initial 
spray-quenching from the forging heat for 22 seconds, followed by a first relaxation 
using gas-quenching, and a second, stronger heat relaxation, using free convection. 
A final gas-quenching phase offers slight improvements of the final microstructure 
quality, as seen in the final hardness distribution of the stepped shaft. 
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Tested strategies for the batch production of forged specimens are shown in Fig. 5-
29, for the two specimen geometries under investigation (common rail and stepped 
shaft) covering three steel grades (AFP for precipitation hardening ferritic-pearlitic, 
HDB for high-strength ductile bainite, and CHS or 18CrNiMo7-6 for case-hardening 
steels) and various quenching strategies. Mean and standard deviation of the Vickers 
Hardness (HV30) distribution evaluate the potential of producing a homogeneous 
bainite microstructure. 
For the common rail specimen, spray-quenching produces hardness values in the 
bainite range for the AFP steel grade. The global heterogeneity of the microstructure, 
varying from ferritic/pearlitic to martensitic ranges, discards its application for small 
specimens with this steel grade. The final production has been carried out using 
single free convection in the case of AFP-steel common rails, to ensure satisfying 
microstructure homogeneity. Higher process potentials are found for the common rail 
from HDB steel grades, as seen in Fig. 5-29 (left). Gas quenching provides this 
specific steel grade a high homogeneity (<10%), with hardness values within the 
range of bainite. Increasing the quenching duration leads to an increase in mean 
hardness and standard deviation. Concerning the stepped shaft specimen, the larger 
volume, in comparison to the common rail, provides a better process-control for steel 
grades including late-starting bainite domains.  
 
 
Figure 5-29: Mean surface hardness measured for various quenching scenarios 
(gas-only in gray, spray in blue) involving the three steel grades and the two 
investigated specimen (common rail, left and stepped shaft, right). 
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Whereas AFP steel grades could not be homogeneously bainitized for this size of 
specimen, due to the high Biot number, case-hardening and HDB steels, as seen in 
Fig. 5-29 (right), demonstrate high bainitizing potentials with HV values in the bainite 
range. The size of the specimen leads to large heat relaxation phases, thus providing 
a high microstructure homogeneity, as seen in the standard deviations exhibited in 
Fig. 5-29 (right), so that spray quenching can be operated with better results than 
with gas-quenching only, or in comparison to smaller-sized specimens. 
 
5.3.3.2 Heat treatment during machining 
As investigated in [Ego14], machining at elevated specimen temperatures (hot-
machining) and heat treatment exhibit a combination potential. In-situ bainitizing 
during machining has been tested for a stepped shaft specimens of HDB-steel. The 
integrated gas quenching field, as presented in Fig. 5-19, is adapted to perform the 
quenching strategy presented in Fig. 5-30 (left), consisting of a quenching from the 
austenized state (45 min at 950 °C) to lower the specimen surface temperature to 
400 °C, before the bainite nose. A specimen surface temperature of around 400 °C 
has been found to be optimal to perform hot-machining on a bainite microstructure 
[Ego14]. The temperature of the specimen surface has been monitored using thermal 
camera during the process. 
 
 
Figure 5-30: Gas quenching strategy of a hot machined, then bainitized stepped 
shaft (left), with resulting hardness distribution (right) 
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The process window displayed in Fig. 5-30 (left) offers around 300 seconds to 
machine the shaft along the cup area, later on to continue the heat treatment by 
isothermally bainitizing the rest of the specimen. Additional heat treatment steps are 
possible, such as the shell-hardening of the machined surface of the shaft by 
quenching the specimen using gas quenching in a final step. 
The hardness of the resulting heat treatment is represented in Fig. 5-30 (right), via 
the Vickers hardness (HV30) distribution, demonstrating the effectivity of 
homogeneous bainitizing in most of the stepped shaft. The cup area, sensible to 
martensite transformation, has been preserved from severe quenching effects, also 
during the machining. The top of the shaft has undergone a martensite 
transformation, due to the cold contact of the specimen-holder in the turning 
machine, which could not be avoided, due to constructive restrictions of the 
experimental setup. 
 
The quenching process of single specimens (micro scale) is improved by the use of 
temporally and spatially controlled gas and spray quenching, integrated into the 
manufacturing process as demonstrated in 
 triggering the heat treatment directly from the forging heat, 
- effectively adapting the quenching apparatus to various specimen 
geometries, 
- successfully adapting the quenching steps to the variety of materials 
(especially in the case of homogeneous bainitizing), 
 and carrying out the heat treatment during machining by, 
- integrating the quenching apparatus to the turning machine for single 
specimen (lean manufacturing), 
- spatially (adapted nozzle field), and temporally (specimen rotation, 
stepped quenching) controlling the heat transfer, 
- successfully bainitizing the specimen during the turning process. 
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6 Conclusions 
6.1 Summary and concluding remarks 
Improvements in the spatial and temporal control of the quenching process, over the 
three process scales (macro, meso, and micro) are necessary to accelerate the 
adoption of gas and spray quenching as a cost-effective, heat treatment process for 
the manufacturing of gear components from high-performance steel alloys.  
Macro-level: flow in top-to-bottom quenching units 
Top-to-bottom gas quenching units, conventionally used for gears heat treatment, 
exhibit specific flow characteristics related to the chamber geometry, with a large 
influence of the gas-recycling technology (e.g., heat exchanger). The flow 
distribution, progressively homogenizing throughout the sub-levels of the quenching 
chamber, can be improved using flow conditioning techniques, modifying the form of 
the heat exchanger or the chamber itself, or using flow conditioners, as e.g. 
perforated plates above the batch, whose geometry (hole diameter, distribution, and 
overall porosity) provides an effective flow control in reduced chamber dimensions. 
Meso-level: structure of the batch 
During heat treatment gas quenching, batches consisting of multiple layer of gears 
undergo complex heat transfer mechanisms, whose homogeneity and intensity are 
improved by setting an offset of the sub-layers of the batch, as well as enclosing the 
specimen in cylindrical flow guidance solutions, intensifying the gas flow close to the 
specimen surface. In single-layered batch of gears, providing a minimal room 
between specimens lessens the mutual interaction between the neighboring 
specimens over the gas flow, thus improving the spatial control of the quenching 
process. 
Micro-level: flow control for single specimen 
Single specimens are subject to quenching heterogeneity due to the local gas flow 
disturbances. Homogeneity and intensity in heat transfer of single specimens can be 
improved by adapting external flow conditioning elements to the specimen, such as 
cylindrical ducts, to focus and locally intensify the gas flow. 
Besides spatial quenching control, gas quenching control over the time can be 
operated by varying the flow directions and velocity, according to the specimen 
geometry, as well as using impinging jets with corrective methods (such as 
ultrasound), or a quenching field integrated into a lean process chain (sensors, 
process cycle, unit cell, automation). 
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6.2 Perspectives of heat treatment gas quenching 
Simulation tools for the virtualization of quenching processes 
Simulation tools demonstrated their capacity to provide relevant results to diagnose 
quenching processes (gas and spray), and provide technical improvements for 
industrial quenching applications. The potential of intuitive open-source solutions for 
CFD and heat transfer simulations gives attractive perspectives to the industry. 
Process-integration of gas quenching in modern manufacturing processes 
The successful integration of heat treatment gas quenching in an automated lean 
manufacturing production line, for forging and machining, demonstrates its great 
potential for on-demand production, process automation and time reduction, as well 
as energy cost saving solutions. 
With an improved spatial and temporal control of the heat treatment process, gas and 
spray quenching offers the requested process flexibility, parametering, and 
monitoring, as well as safety and environmental compliance to embrace the values of 
the Industry 4.0 world. 
Flow-conditioning limits in heat treatment gas quenching 
Several micro- (e.g., using individual flow conditioners) to macro-solutions (e.g., on 
the gas-recycling solutions) were evaluated and tested with positive results. However 
the geometry of the quenched specimen largely influences the local flow uniformity, 
hence the heat transfer. Gas quenching, besides being limited by the material and 
size of the specimen, is limited to specific shapes depending on the direction, 
intensity, and conditioning of the gas flow. 
Gas quenching as heat treatment solution for tomorrow 
Whereas gas quenching offers the requirements of a green, cost-saving, and safe 
solution for the future of heat treatment process, its drawbacks, namely the limitation 
induced by the material and size of heat treated specimens, still remain a challenge 
for the manufacturing industry. 
Developments are carried out to develop both the cooling homogeneity in the current 
gas quenching techniques (at micro-, meso-, and macro-scale), and improve the 
metal alloys to comply with the gas quenching limitations. Further research for 
compatible steels and various alloys are therefore necessary to extend the 
application fields of heat treatment gas quenching. 
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